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ABSTRACT 
 
Terrorists usually target high occupancy iconic and public buildings using vehicle borne 
incendiary devices in order to claim a maximum number of lives and cause extensive damage 
to public property. While initial casualties are due to direct shock by the explosion, collapse 
of structural elements may extensively increase the total figure. Most of these buildings have 
been or are built without consideration of their vulnerability to such events. Therefore, the 
vulnerability and residual capacity assessment of buildings to deliberately exploded bombs is 
important to provide mitigation strategies to protect the buildings’ occupants and the 
property. Explosive loads and their effects on a building have therefore attracted significant 
attention in the recent past. 
Comprehensive and economical design strategies must be developed for future construction. 
This research investigates the response and damage of reinforced concrete (RC) framed 
buildings together with their load bearing key structural components to a near field blast 
event. Finite element method (FEM) based analysis was used to investigate the structural 
framing system and components for global stability, followed by a rigorous analysis of key 
structural components for damage evaluation using the codes SAP2000 and LS DYNA 
respectively. The research involved four important areas in structural engineering. They are 
blast load determination, numerical modelling with FEM techniques, material performance 
under high strain rate and non-linear dynamic structural analysis. The response and damage 
of a RC framed building for different blast load scenarios were investigated. The blast 
influence region for a two dimensional RC frame was investigated for different load 
conditions and identified the critical region for each loading case. Two types of design 
methods are recommended for RC columns to provide superior residual capacities. They are 
RC columns detailing with multi-layer steel reinforcement cages and a composite columns 
including a central structural steel core. These are to provide post blast gravity load resisting 
capacity compared to typical RC column against a catastrophic collapse. Overall, this 
research broadens the current knowledge of blast and residual capacity analysis of RC framed 
structures and recommends methods to evaluate and mitigate blast impact on key elements of 
multi-storey buildings 
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1. INTRODUCTION  
1.1  Background 
Bomb explosions in buildings have occurred relatively more frequently around the world 
in recent decades. A short survey of these explosions follows. Terrorists exploded a bomb 
in the 110 storey World Trade Centre in New York City in February 1993. The bomb was 
placed in an underground car park two storeys below ground level, causing major damage 
to the basement level of the building. 
The bombing of the Alfred P. Murrah Federal Building in Oklahoma City, in April 1995 
was the result of a truck bomb containing 1800kg of TNT equivalent, located 
approximately 5m from the north face of the building. Severe damage occurred to the nine 
storey reinforced column and slab construction, together with 168 casualties and US$50 
million damage. Figures 1-1 (a) and 1-1 (b) show the before and after bomb explosion of 
the Murrah Building (Osteraas 2006). Most importantly, surveys after the event indicated 
that the progressive collapse was initiated by the loss of integrity of four columns which 
extended the damage beyond the direct blast effects.  
Similarly, the attack on the Twin Towers of the World Trade Centre in New York City, 
September 2001 was responsible for the death of 3000 people (Asaeda 2007). The Khobar 
Towers bombing attack in Saudi Arabia, 1996 was caused by a truck bomb of more than 
9000kg TNT equivalent weight, placed near the fence 22m from the building. Figure 1-2 
(a) illustrates the extended damage inflicted on the Khobar Towers (Grant 1998). 
Many additional bomb explosions in buildings have occurred in various parts of the world 
such as; St Mary Axe, London 1992-450kg of TNT (Keane et al. 2009); Jewish 
Community Centre, Argentina 1994 (Yandzio et al. 1999); Manchester City Centre 1996- 
750kg of TNT; London Docklands 1996-850kg of TNT (Keane et al. 2009); Central Bank 
in Sri Lanka 1996-440kg of TNT, 91 casualties (Jayathilake et al. 2006); WTC twin tower 
attack, Sri Lanka, 1997; 7/7 bombings in London UK 2005 (Yandzio et al. 1999);  Lahore 
city bomb explosions, Pakistan, May 2009 and March 2010; Baghdad bomb blasts on 
foreign embassies, April 2010 (Mohammed 2010); Colombia Car Bomb, March 2010  and 
Kampala restaurant bombing, Uganda, July 2010. Figure 1-2 (b) shows damage to the 
Central Bank in Sri Lanka, 1996. 
These incidents all indicate that terrorists usually target structures of significance, 
particularly high occupancy iconic and public buildings, in order to claim a maximum 
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number of lives and cause extensive damage to public property. While initial casualties are 
due to the direct shock of the explosion, collapse of structural components may extensively 
increase the total figure.  
      
             
 (a) (b) 
 
       
 (c) (d) 
Figure 1-1: Bomb attack on Murrah Federal Building in Oklahoma City, 1995  
        (a, b) before the attack (c, d) after the attack (Osteraas 2006) 
 
Explosive loads and their effects on a building have attracted significant attention 
following these incidents. Planning and building control authorities now recognise the risks 
associated with such events in the present environment of global terrorism and have been 
introducing provisions in planning guidelines for mitigation of such impacts. However, it is 
important to identify the potential threat to building structures to assess their vulnerability 
and residual capacity to deliberately exploded bombs. This will enable appropriate 
mitigation strategies to protect the building’s occupants and the property itself. 
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     (a)                                                                      (b) 
 
Figure 1-2: Following the bomb attack (a) Khobar Towers, Saudi Arabia, 1996  
(b) Central Bank, Sri Lanka, 1996  
 
Evidence from recent blast events in major cities show that explosions more than 20m 
from buildings generally cause damage to the facade without considerable impact on the 
structural integrity. Recent examples include the Jewish Community Centre, Argentina 
1994 and the WTC twin tower attack in Sri Lanka, 1997. On the other hand, near field 
events such as the Murrah building bombing, the Central Bank bomb Sri Lanka 1996 and 
Khobar Towers bombing have had the potential to damage and destroy the structural 
integrity of the building. Recent incidents such as the Lahore City in bombs 2009/2010 and 
the Baghdad bomb blasts on foreign embassies in 2010 illustrate the importance of 
investigating the response of building structures to a near field blast. This research 
therefore investigates near field events that are likely to cause damage to the structural 
integrity of buildings which may set off catastrophic or progressive collapse. Buildings 
targeted by terrorists are mostly reinforced concrete (RC) framed structures built without 
consideration for their vulnerability to such events. 
Blast assessment of structures is complex as it involves an extensive range of parameters 
related to the blast loading and material behaviour under rapid strain rate. These 
parameters must be included in any evaluation of the blast response of building structures. 
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1.2 Research Problem and Hypothesis 
 
Existing research and investigations have been conducted on RC structures to study their 
vulnerability when subjected to blast loads, and has been conducted for the purpose of 
implementing retrofit measures and design strategies to prevent damage to the structure 
and its components (Bao et al. 2010; Cizelj et al. 2009; King et al. 2009; Kraunthammer et 
al. 2008; Laskar et al. 2009; Rodriguez et al. 2009; Sasani 2008; Silva et al. 2009; Shi et al. 
2008; Weerheijm et al. 2008). Some of these investigations have examined the progressive 
collapse mechanisms of building frames and recommended mitigation methods to avoid 
catastrophic or progressive failure of the entire structure. The rest however assessed the 
individual structural elements. 
As intensive as these studies are, limited research has focused on identifying the effects of 
RC framed buildings subjected to blast load and instead have focused on either the stability 
of a sub frame or the response and damage to a single structural component. Extensive 
investigations have been carried out for steel framed multi-storey structures and a similar 
study is needed for RC framed buildings, too (Kwasniewski 2010). An analysis of the 
structural framing system and components for global stability is then needed, followed by a 
rigorous analysis of key structural components. Such an investigation enables an 
evaluation of material damage in linear elastic and non-linear plastic response regimes. 
The level of damage to the structure can then be assessed. Thereby, the combined 
assessment is used to evaluate the global stability and structural integrity of RC building 
frames in order to protect them against catastrophic collapse. 
An explosion detonated at ground level will have a critical impact on the lower storeys of a 
building structure. Catastrophic structural failure initiates at the critically damaged zone 
due to a reduction of the load bearing capability of structural components such as columns. 
Therefore, an assessment approach and analytical tool are needed to recognise the response 
and quantify damage to load bearing elements of a building. These will establish new 
design strategies for load bearing components to have adequate blast resisting capacity and 
be protected against catastrophic collapse.  
Damage analysis is important in the decision-making process not only in post blast 
rehabilitation but also immediately after the blast. Damaged buildings may undergo further 
collapse due to a lack of strength of lower level elements, sometimes after the incident, and 
causing rescue workers to serve with extensive risk. Additionally, assembling building 
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occupants at a single location may exceed the residual live load capacity and could lead to 
further collapse of the building. These significant facts simply imply that the demand for a 
safety evacuation and disaster plan based on damage and collapse consequences of an 
entire building are paramount. Current knowledge on quantifying and predicting explosion 
damage of RC framed buildings subjected to blast effects is incomplete and limited 
(Weerheijm et al. 2008). 
This research examines the damage analysis of reinforced concrete frames designed for 
normal gravity loads in order to identify the risk associated with typical bombing incidents. 
Two principle stages in the damage evaluation process under explosion loads are included. 
Firstly, the structural response under typical external blast loads is investigated, and 
secondly the residual capacities of the remaining structure are measured to obtain the state 
of damage. The usual approach to evaluate the residual capacity of a structure or structural 
components is based on a separate analysis for the blast damaged structure applying loads 
or displacements (Shi et al. 2008). However, this method and corresponding results may 
not be accurate when using numerical simulation due to computational limitations in 
currently available software to define materials. Reinforced concrete (RC) is a composite 
material with concrete and a steel cage and an analysis of a blast damaged RC structure 
will not give exact level of damage. Therefore, a study is required to identify the true 
response for the damaged structure to identify the level of damage and then to calculate a 
damage index. The damage index is a ratio used for quantifying the level of damage in a 
particular structure. This research develops damaged indices based on the damaged cross-
sectional behaviour at the weakest point of the key RC columns. Overall, the investigation 
of damage index based on the material yielding in the structural component provides 
reliable estimation on their performance in post blast serviceability conditions.     
Mitigation of blast impact for a building can be achieved by retrofitting structural 
components such as load bearing columns and key elements where blast pressure is 
directly applied. Different retrofit measures and design strategies have been proposed by 
recent investigations for safety. However, comprehensive and economical design strategies 
are needed for future constructions to protect against deliberately targeted bombs 
explosions. The structural performance of elements in post blast conditions is necessary to 
avoid a disproportionate collapse of a building, and is vital for post disaster evacuation. A 
building may undergo a progressive collapse due to transfer of load from members that 
have undergone catastrophic failure. The load bearing structural elements must be capable 
of carrying the transfer gravity loads to prevent further catastrophic collapse.  
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Blast loading and its effects on a structure is influenced by a number of factors including 
charge weight, W location of the blast (or standoff distance), R and the geometrical 
configuration and orientation of the structure (or direction of the blast). Structural response 
will differ according to the way these factors combine. The potential threat of an explosion 
is random in nature making the analysis complex. Therefore, it is necessary to identify the 
influence of each factor in relation to the most credible event when assessing the 
vulnerability of structures. The region of blast influence in a building should also be 
identified to effectively design or retrofit vulnerable components. This research initially 
evaluates regions of influence for different blast load scenarios. 
This research also investigates the residual capacity of a composite column comprising 
concrete, reinforcement and a central structural steel core as an alternative to reinforced 
concrete columns. In addition, implementing multi-layer steel reinforced cages for RC 
columns is investigated as another design strategy to maintain residual load carrying 
capacity following a blast. 
Computer simulations with finite element modelling and analytical techniques using the 
computer codes SAP2000 version 11 and the non-linear explicit code LS DYNA version 
971 will enable all parameters to be analysed. Uncoupled analytical method is preferred to 
manage the complexity of blast induced effects. 
 
1.3 Aims and Objectives  
 
The main aim of this research project is to assess the vulnerability and damage of 
reinforced concrete (RC) framed buildings which have been designed to resist normal 
gravity loads, to near field deliberately targeted bomb blast events. This damage 
assessment will help the development of the design strategies for RC load bearing key 
structural components to resist blast effects.  
Particular objectives are;  
 To identify the failure mechanism and localized damage propagation in RC framed 
building 
 To evaluate the residual capacity of the load bearing components based on 
localized material yielding  
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 To investigate design methods that can be used to enhance the residual load 
carrying capacity of the RC load bearing key components. 
The research findings will broaden the current knowledge for determining the response 
and damage evaluation of RC framed multi-storey buildings and its key load bearing 
elements subjected to near field blast events. A damage index which represents the level of 
damage to a structure is to be derived from the actual yielding of the materials at post blast 
conditions. Two types of design methods are investigated based on the localized damage to 
RC columns in order to maintain the residual capacity to avoid catastrophic or progressive 
collapse of the entire structure following the blast event. 
 
1.4  Research Scope 
 
This research has been carried out using finite element modelling (FEM), and analytical 
techniques were validated using the results from a field experiment conducted for a 
reinforced concrete framed building structure. Scope was limited to flat faced RC 
buildings. The blast loads were applied to the framing members on the exposed structural 
area on the assumption that all walls and cladding elements are frangible and therefore 
incapable of transferring any loads acting on them to the framing elements.  
 
1.5  Significance and Innovation of the Research 
 
Blast events have become a common occurrence in many cities today. Despite this, there is 
no guidance freely available to assess the vulnerability of buildings to a near field blast 
load. Available information is mostly in the military sector which is not easily accessible 
or suitable for public buildings. There is therefore an urgent need to develop appropriate 
techniques and guidance that will enable structural engineers to assess and design building 
structures which are vulnerable to near field blast events so as to protect lives and public 
property. 
Until this point in time there was no systematic research carried out to identify the blast 
response of RC framed buildings followed by a rigorous analysis to evaluate the damage to 
key elements where blast pressure is directly applied. For the first time, this research has 
been systematically investigated a complete procedure to assess a multi-storey RC building 
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subjected to near field blast events with two analysis phases. Global analysis of the 
complete building and a sub frame analysis to identify the global response and the local 
response of the key components, respectively. The damage indices for the localized 
columns are derived based on the material yielding of the structural components to 
quantify the post blast capacity. The investigations further evaluate the possible measures 
to enhance the post blast residual capacity of RC columns to avoid catastrophic or 
progressive collapse of the entire building. 
Recommendations have been made for RC column with a detailed investigation of the 
performance of multi-layer reinforcement to maintain the residual capacity of the RC 
column and the performance of composite column with structural steel core which is an 
alternate to a RC column to maintain the post blast gravity load capacity. 
These are the significant outcomes of the research project that contributes to the 
knowledge of blast damage analysis and design of RC structures. 
 
1.6  Thesis Outline 
 
This thesis presents the analysis and knowledge obtained from an FEM based numerical 
investigation on the vulnerability and damage assessment of RC framed building structures 
and load bearing key columns, subject to near field blast events. 
The outline of this thesis is as follows:  
 
 Chapter 1: Background and research problem 
 Chapter 2: A comprehensive literature review for the blast phenomena and 
explosion related parameters, basic theories over structural analysis , recent 
research carried out  pointing out the gap in knowledge 
 Chapter 3: Methodology used to carry out this research, with theories involved 
 Chapter 4: Validation of non-linear modelling with results of an experiment 
 Chapter 5: The identification of damage propagation, influence region and critical 
zones for near field blast events 
 Chapter 6: The proposed analytical approach to evaluate the vulnerability and 
damage of RC framed building structures comprising global and local analysis 
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 Chapter 7: Damage evaluation of  a RC key column subjected to different blast load 
scenarios 
 Chapter 8: The investigation of the performance of multi-layer reinforcement cages 
in RC column  
 Chapter 9: The performance of composite column with a structural steel core 
 Chapter 10: Overall conclusion with findings of the research and its significance 
 Chapter 11: Illustration of the future research  
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2 LITERATURE REVIEW 
2.1 Introduction 
This chapter reviews the current knowledge on, blast and blast related parameters, material 
behaviour under high strain rate, blast response of reinforced concrete (RC) framed 
buildings. The gap identified by this research initiated by recent bombing incidents and 
their subsequent consequences. Explosion related parameters comprising characteristics of 
the detonation, blast wave profiles which must be known to determine blast loads on a 
structure were presented in early part of the chapter. Thereafter, structural and material 
behaviour when subjected to blast loads were evaluated particularly focusing the 
evaluation of blast response for RC structures. 
2.2 Explosion and Related Parameters 
2.2.1 Explosion 
 
Simply, an explosion is treated as a release of energy with chemical reactions on a large-
scale in a short period of time. This sudden release of energy changes the surrounding air 
to a high temperature (typically at 30000C) and very high pressure (about 3 x 107Pa) 
(Horoschun 2007; Yandzio et al. 1999). Shock waves are then created by propagating 
high-pressure gas travelling with very high velocity (7000m/s) to areas far from the origin 
of the incident (TM5-1300 1990).  
2.2.2 Explosives and TNT Equivalent 
 
Different kinds of explosive materials can be used in explosions and vary from homemade 
to military or commercially available types. Explosives are different from one to another 
by their explosion characteristics such as detonation rate, effectiveness, and amount of 
energy released. Therefore, it is necessary to have a datum to assess the detonation 
characteristics of each types of explosive material. TNT (Trinitrotoluene) had been used as 
the datum explosive and is regarded as the standard “Explosion Bench Mark” or the 
reference in the area of explosion. The effects of various explosive materials are then 
expressed in terms of standard TNT equivalent mass in the process of prediction of the 
blast and design (Yandzio et al. 1999). 
Some conversion factors for common explosive materials are shown in Table 2-1. 
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Explosive TNT Equivalent  
ANFO 0.82 
Composition A-3 1.09 
Composition B 1.1-1.2 
Composition C-4 1.37 
Cyclotol (70/30) 1.14 
HBX-1 1.17 
HBX-3 1.14 
HMX 1.3 
H-6 1.38 
Minol II 1.2 
Nitro-glycerine 1.5 
Octol(70/30) 1.06 
PBX-9010 1.29 
PETN 1.27 
Pentolite 1.42/1.38/1.5 
Picratol 0.9 
RDX 1.2 
Tetryt1 1.07 
TNETB 1.36 
TNT 1 
TRITONAL 1.07 
 
Table 2-1: TNT equivalent of common explosives materials  
(Yandzio et al. 1999; Zain 2006) 
2.2.3 Standoff Distance 
 
All blast parameters depend on the quantity of energy released by the explosion (or charge 
weight) and distance available to a particular target from the origin of the explosion. 
Therefore, the distance is important and is referred to as stand-off distance. It is graphically 
illustrated in Figure 2-1 (FEMA-426 2003). The threat of an explosion will rapidly 
decrease over the stand-off distance and its contribution to the intensity of the blast loads 
will be examined later in this chapter.  
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Figure 2-1: Stand-off distance (FEMA-426 2003) 
 
2.2.4 Types of Explosions and Classifications 
 
Explosions are classified into two major categorises (TM5-1300 1990) 
 External  
 Internal. 
External explosions are blasts outside in an open environment while internal explosions 
occur inside a covered container or building. 
Further classification is made of (Yandzio et al. 1999); 
 Unconfined 
 Confined 
 Explosive attached to a structure.   
Unconfined explosions have three kinds of bursts, namely free air burst, air burst and 
surface burst. If the explosion occurred in free air high above ground level, it is classified 
as a free-air burst explosion. This is shown in Figure 2-2 (a). Although the air burst occurs 
in free air high above ground level, the amplification of blast waves takes place due to 
ground reflections and is described in Figure 2-2 (b). A surface burst occurs when the 
detonation take places close to or on the ground surface as shown in Figure 2-2 (c). This 
classification is based on the characteristics of the approach blast waves towards a 
particular structure (Yandzio et al. 1999). 
Asset
Stand-off distance
Threat
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  (a) Free-air burst explosion                  (b) Air burst with ground reflections 
 
(c) Surface burst  
 
Figure 2-2: Unconfined explosions (Yandzio et al. 1999) 
 
When a detonation occurs within a structure, whether internal or confined, the explosion 
can be further categorised as fully vented, partially vented and fully confined. A fully 
vented confined explosion is created within a structure, which has one or more opening 
surfaces to the atmosphere. If the vented surfaces are more limited than a fully confined 
case, it is said to be a partially vented confined explosion. If it happens in a fully covered 
volume, it becomes a fully confined explosion. Figure 2-3 illustrates each of these with 
simple individual diagrams (Yandzio et al. 1999).  
 
                 (a) Fully vented                 (b) Partially vented              (c) Fully confined 
 
Figure 2-3: Internal blast categories (Yandzio et al. 1999) 
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Figure 2-4 illustrates the blast wave propagation over a building following the detonation 
of a truck bomb (FEMA-426 2003).  
2.2.5 Blast Wave Phenomena  
 
 
 
 
Figure 2-4: Blast pressure propagation (FEMA-426 2003) 
 
When the explosion occurs, the blast shock waves travel with an instantaneously 
increasing overpressure front. The pressure behind the front may even drop below the 
normal atmospheric pressure within a few milliseconds of time. Figure 2-5 demonstrates 
the wave propagation of a hemispherical blast by distance beyond the origin of the 
explosion (TM5-1300 1990).  
 
 
 
Figure 2-5: Propagation of overpressure with distance (TM5-1300 1990) 
Distance from explosion  
Pressure 
Shock velocity 
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Pressure variation with time at a particular point (A) after the explosion is described in the 
overpressure-time profile shown in Figure 2-6. It consists of a positive phase followed by a 
negative phase with different time durations (TM5-1300 1990). 
 
 
 
 
 
 
            
 
Figure 2-6: Blast overpressure-time profile at A (TM5-1300 1990) 
 
The characteristics of the explosion induced blast overpressure-time profile are discussed 
using several basic parameters with notations specified in Figure 2-6. These parameters are 
(TM5-1300 1990; Yandzio et al. 1999); 
 Arrival time , tA: The time taken to reach blast pressure at a particular point after 
the explosion occurred, 
 Ambient pressure, Po: The normal atmospheric pressure where the explosion 
occurred, 
 Peak side-on positive overpressure, Pso: The maximum value of the overpressure at 
a particular point, 
A
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 Positive phase duration , to: The time taken to decay the positive pressure to 
ambient pressure, 
 Positive impulse, Io: The impulse created by the positive overpressure over a 
duration, to at the point, 
 Peak side-on negative pressure (suction), Pso- : The maximum value of the pressure 
below the normal atmospheric pressure, 
 Negative phase duration, to-: The time over which the pressure is below 
atmospheric, 
 Negative impulse, Io-: The impulse created over the duration, to- at the point. 
 
The overpressure-time profile shown in Figure 2-6 can be described in detail as follows; 
The air pressure at a particular point increases suddenly up to a peak value of overpressure, 
Pso above the ambient pressure, Po at an arrival time, tA after the explosion. The pressure 
then decays to the ambient pressure level over the time period, to, then further decays 
below the ambient pressure to an under pressure, Pso- before finally returning to normal 
ambient pressure conditions over a duration, to-  (TM5-1300 1990). 
The blast overpressure-time profile can be mathematically represented by Friedlander 
equation by considering the positive phase only, assuming infinite target dimensions 
(Remennikov 2003); 
 
 
,                                Eq. 2-1 
 
where Pso is the peak side-on overpressure 
           to is the duration of the positive phase of the blast 
           b is the waveform parameter (non-dimensional parameter) 
           t is the time measured from the instant that the blast wave arrives (at time = tA ) 
           P(t) is the pressure at time t 
Numerical values of blast load parameters can be obtained from charts or equations 
provided in the literature (Baker et al. 1982; Kingery et al. 1984; Ngo et al. 2004; TM5-
1300 1990 and Yandzio et al. 1999). In general, the properties of the blast waves are 
expressed in terms of a scaled distance, Z which represents the combined effects of charge 
weight and standoff distance. Well known and highly recognized standard charts and 
equations are presented in TM5-1300, for blast load estimations for conventional analysis 

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and design practice (TM5-1300 1990). It provides a series of charts to determine the 
required blast load parameters for typical explosion scenarios. Empirical equations have 
also published to predict explosion parameters in Kingery et al. 1984. 
In addition, explosion parameters can be obtained from the book Explosion Hazards and 
Evaluations by Baker et al. 1982. The charts and rules provided in this book are used for 
the prediction of basic blast loads parameters.  
The use of these standard charts and equations to determine blast loads is common for 
conventional engineering practice and design, and are widely accepted. Figure 2-7 shows 
the standard chart provided by Figure 2-15 in TM5-1300 to determine blast load 
parameters.  
 
Figure 2-7:  Positive phase shock wave parameters for a hemispherical TNT explosion on 
the surface at sea level (TM5-1300 1990) 
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2.2.6 Dynamic Pressure 
 
The shock pressure directly created by the blast is represented by the incident 
overpressure-time profile. In addition, there is another type of shock wave forme following 
the explosion called dynamic pressure. While the gas particles behind the front wave are in 
motion at lower velocities, the flow of the air mass behind creates a wind. Dynamic 
pressure is associated with this wind behind the shock front. It is a function of air density 
and wind velocity. In the low overpressure range with normal atmospheric conditions, the 
peak dynamic pressure qo can be determined using the empirical formula developed by 
Newmark (Ngo et al. 2007); 
 
 
  Eq. 2-2 
 
The net dynamic pressure on a particular structure can be calculated by multiplying the 
peak dynamic pressure, qo by the drag coefficient, CD which is a parameter that depends on 
the shape and the orientation of the structure (Remennikov 2003).  
2.2.7 Scaling Effects and Scaled Distance  
 
As an explosion can be caused by different kinds of explosives located at various 
distances, scaling laws have been introduced to identify or evaluate the properties of blast 
waves in terms of charge weight and standoff distance. The most widely used form of blast 
scaling is the Hopkinson-Cranz or cube root method presented in the following relationship 
(Krauthammer 1999);  
      3/1W
RZ      Eq. 2-3 
 
  where Z is the scaled distance in m/kg -1/3 
            R is the range from the centre of the charge (standoff distance) 
            W is the mass of the spherical TNT charge equivalent 
 
This law states that similar blast waves are generated at an identical scaled distance. It can 
be simply illustrated as follows. If any two charge weights, Q1 and Q2 produce the same 
peak pressure at a distance of R1 and R2 respectively, then the following relationship exists 
among weights and distances is; 
)7(
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2.2.8 Simple Numerical Formulas for Blast Load Predictions 
 
Simple formulas have been proposed to establish blast wave parameters and a few of them 
will be illustrated here. Brode introduced a formula for the estimation of peak overpressure 
due to spherical blast in terms of scaled distance Z, for conventional high explosive 
materials, as (Ngo et al. 2007); 
    17.6 3  ZPso   bar ( Pso>10 bar)  Eq. 2-5  
 
019.085.5455.1975.0 32  ZZZPso   bar (0.1bar < Pso<10 bar)      Eq. 2-6 
  
Later, Newmark and Hansen established a relationship for calculating the maximum blast 
overpressure that occurred at ground surface measured in bars as (Ngo et al. 2007); 
 
  Eq. 2-7                        
 
Where W, and R are the charge weight and standoff distance respectively. Mills also 
introduced another expression for the peak overpressure Pso in terms of scaled distance, Z 
as (Ngo et al. 2007); 
     
ZZZ
Pso
1081441772
23   Eq. 2-8  
2.2.9 Simplified Blast Wave Profile 
 
 
The blast overpressure-time profile is simplified with an adequate assumption when 
determining explosion loads parameters for conventional practice and design (Remennikov 
2003; Yandzio et al. 1999). The overpressure is assumed to decay linearly during the 
positive phase as shown in Figure 2-8 (Yandzio et al. 1999).  
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                Figure 2-8: Simplified blast wave overpressure profile (Yandzio et al. 1999) 
 
This simplified relationship is expressed numerically as; 
     


 
o
so t
tPPtP 1)(    Eq. 2-9 
 
The simplified formula is sufficient to predict blast pressure as the positive phase is 
significant on structural response (Krauthammer 1999; Yandzio et al. 1999] 
2.2.10 Reflected Blast Wave Characteristics 
 
When the blast waves hit an obstacle, these reflect with a maximum pressure which is 
greater than the peak pressure of the incident waves. The maximum reflected pressure is 
denoted by Pr and it is a function of the incident angle, αi, and incident pressure, Pso. The 
incident pressure is the blast overpressure at the reflected surface before the reflection. The 
incident angle is the angle created between direction of the blast and the reflecting surface. 
There are three types of reflection phenomena namely (TM5-1300 1990); 
 Face -on 
 Regular 
 Mach. 
The characteristics of each type are discussed briefly. 
 
 
to 
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2.2.10.1 Face on Reflection 
 
 
Normal or face-on reflection occurs when the reflecting surface is located in such a way 
that the direction of the blast wave is perpendicular to the surface as shown in Figure 2-9 
(Yandzio et al. 1999). 
 
 
 
Figure 2-9: Face-on reflection (Yandzio et al. 1999) 
 
The duration of the reflected blast wave is assumed to be equal to the incident pressure 
profile. Figure 2-10 shows the blast overpressure-time profile for the reflected shock wave. 
 
Figure 2-10: Blast overpressure-time profile for a face-on reflected wave  
(TM5-1300 1990) 
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2.2.10.2 Regular Reflection 
 
Regular reflection occurs when the blast wave strikes with an incident angle, αi which 
varies from 0o to approximately 40o. This is shown in Figure 2-11 (Yandzio et al. 1999). 
 
 
Figure 2-11: Regular reflection (TM5-1300 1990) 
 
 
The regular reflection pressure is greater than the face-on reflection pressure. However, the 
angle of reflection, αr is not equal to the incident angle. The magnitude of the reflected 
pressure is determined using the reflection coefficient, Cr together with the incident 
pressure, Pso. The peak reflected pressure, Pr is illustrated as; 
 
, Eq. 2-10 
 
Cr depends on the peak overpressure and the incident angle of the wave front to the 
reflecting surface. The Cr values can be taken from Figure 2-12 (Figure 2-193 in TM5-
1300 1990). 
sorr PCP 
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Figure 2-12: Reflection coefficients vs. angle of incidence (TM5-1300 1990) 
 
2.2.10.3 Mach Reflection 
 
The regular reflection is converted to Mach reflection as the incident angle, αi for a given 
reflected pressure exceeds the limiting angle, at approximately 40o. The mechanism of 
creating Mach reflection is illustrated in Figure 2-13 (TM5-1300 1990; Yandzio et al. 
1999). 
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(a) Region of Mach reflection (Yandzio et al. 1999) 
 
 
 
 
(b) Parameters related to Mach reflection (TM5-1300 1990) 
 
Figure 2-13: Mach reflection  
 
2.2.11 Explosion Induced Ground Motion 
 
 
When an explosion occurs on or very close to the ground surface, a part of the released 
energy is transmitted to the ground creating a ground shock. One portion of this energy is 
directly transmitted by the ground as a direct ground shock and another portion is imparted 
through the air as air induced ground shock (Wu et al. 2005). The direct ground shock is 
the result of conveying the explosion energy directly to the ground through the ground 
surface, while the air-induced ground shock is due to a stress pulse transmitted via blast 
induced compressed air at the surface. The combination of both shocks creates the net 
effect of ground induced shock propagation (Ngo et al. 2007; TM5-1300 1990). 
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2.2.12 Blast Loading on Structures 
 
The loads on the exposed surface of a building are a function of various factors comprising 
the reflected and side-on overpressures, the dynamic pressures, the size and shape of the 
building, and the location and orientation of the blast (Yandzio et al. 1999). The total 
pressure acting on a surface depends on all possible shock wave effects and is graphically 
shown in Figure 2-14 (Remennikov et al. 2006). 
 
 
Figure 2-14: Complete overpressure-time profiles acting on the surface 
 (Remennikov et al. 2006) 
 
2.2.13 Procedure of Blast Load Calculations 
 
 
The procedure used to determine of the explosion load parameters is described as (Zain 
2006; TM5-1300 1990); 
  
 Identify the charge weight, standoff distance, structural dimensions and properties 
 Apply safety factor 1.2 for charge weight, if factored charge weight has not been 
given 
 Choose required points or locations where parameters are to be established 
 Calculate positive phase loading on front face, according to TM5-1300 
- Find scaled distance, Z  from charge weight, W  and standoff distance, R   
 3/1W
RZ 
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- Read relevant parameters, such as maximum value of the over pressure, soP
, positive phase duration, ot , Arrival time, tA from Figure 2-9 in 
accordance with scaled distance, Z  
- Determine peak dynamic pressure, oq  from Equation 2-2 
- Calculate oDso qCP  , DC  - drag coefficient 
- Calculate positive phase duration, oft with  positive impulse, si , and soP  for 
idealized positive phase 
- Find reflected positive phase parameters, reflected impulse, ri , reflected 
over pressure, rP  
- The maximum of rP or oDso qCP  is taken as the net overpressure acting on 
the surface 
 Negative phase loading on front can also be calculated similarly to positive phase 
determination if necessary 
 Positive phase loading on the front can also be established similarly by using the 
equations developed by Kingery et al. 1984. (These equations are presented at the 
end of the thesis as Appendix i).  
 
 Basic parameters which are needed are; 
 Time of arrival 
 Maximum positive pressure  
 Duration of the positive phase. 
The detailed procedure for establishing blast parameters is discussed in the methodology 
section in chapter 3. 
 
2.3 Structural Response to Blast Loads  
 
 
When a structure withstands normal loads such as live, wind or snow, the loading duration 
and holding time are relatively long compared to the response time of the structure. 
However, a structure subjected to blast loads experiences a rapid loading environment that 
results in sudden changes in stresses and strain (Ngo et al. 2007).  
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Blast response of a structure is directly related to the frequency characteristics of both the 
structure and explosion loading. Dynamic amplification may result if the loading duration 
is close to any natural period of vibration of the structure, especially the early periods. 
However, blast loading differs from other types of dynamic loadings, having small time 
duration, single phase loading profile. The duration of the blast profile is typically 5 to 
10ms. 
Structures can behave in the elastic range when subjected to normal loading conditions 
such as superimposed dead, live, or wind loads. However, yielding and plastic behaviour 
of the structure must be incorporated in blast analysis and design. Brief discussion on 
implicit and explicit Finite Element analyses, which are both suitable for blast analyses, is 
presented in the next chapter. 
2.3.1 Global Structural Behaviour 
 
 
Bending failure is identified as a main global failure mode of reinforced concrete structures 
above ground level. In addition, shear failure is also treated as a secondary global failure 
mode caused by high intensity blast pressure, directly applied to the critical region of a 
structure (Ngo et al. 2007). However, global shear failures occur in a structure at the early 
stage of blast loading before significant bending deformations taking place.  
The dynamic response of a structure is associated with the ratio between its any natural 
period (normally the first period) of vibration and the duration of a loading. Three blast 
response regimes for a structure are defined according to that ratio and the regimes are 
classified as impulsive, quasi-static and dynamic (Ngo et al. 2007; TM5-1300 1990 ). 
There are several methods to calculate the response of a structure for transient loads, 
including multi-degree-of-freedom (MDOF), single-degree-of-freedom (SDOF) and 
approximate methods such as energy methods and static analysis methods (Yandzio et al. 
1999).  
2.3.1.1 Elastic SDOF System Approach 
 
 
The elastic single-degree-of-freedom approach to structural analysis is employed in the 
preliminary design for blast loading (FEMA-426 2003). The structure is treated as a SDOF 
elastic structure subjected to idealized blast loads. The actual structure is idealized to an 
equivalent system of one concentrated mass connected by one weightless spring. This 
simple idealization is demonstrated in Figure 2-15 (a) (Mays et al. 1995; Ngo et al. 2007). 
PhD Thesis 
 
 
28
In addition, in order to represent positive blast overpressure- time profile, equation 2-9 is 
modified as (Yandzio et al. 1999);  
 
  Eq. 2-11 
 
where Fm = Peak force that is calculated using the area A under the load – time graph 
(Figure 2-16) and the peak pressure, P. 
 
  
Figure 2-15: SDOF idealized structure (Ngo et al. 2007) 
 
 
 
 
Figure 2-16: Idealized blast wave (Ngo et al. 2007) 
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The simplified blast profile is illustrated in Figure 2-16 and the impulse, I created by the 
blast load can be established by calculating the area under the curve, to vs. F(t), and is  
given by; 
 
  Eq. 2-12 
 
The equation of motion for un-damped elastic SDOF system can be written as (Mays et al. 
1995); 
 
Eq. 2-13 
 
 
Where M and K are the mass and stiffness matrices respectively while and x and x are the 
displacement and acceleration respectively. Confining the problem to response for time 
less than positive phase duration, to, the general solution for above equation can be 
obtained at time t = t, as (Mays et al. 1995; Ngo et al. 2007); 
Displacement )(tx , 
 
Eq. 2-14 
 
 
and velocity )(tx , 
 
 Eq. 2-15 
 
 
Where   is natural vibration frequency of the structure, 
 Eq. 2-16 
 
 
If maximum displacement, xmax occurs at time tm, then velocity becomes zero,  
 
 
 Eq. 2-17 
 
This simply implies that,  
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 Eq. 2-18 
 
 
Therefore, structural behaviour under blast loads is influenced by ot  and the loading 
regimes are then classified as (Ngo et al. 2007);  
 
ot <0.4; impulsive loading regime 
ot > 40; quasi-static loading regime 
0.4 < ot <40; dynamic loading regime 
 
Deformation of the structures occurs after the blast load has diminished and is subjected to 
the impulsive loading regime. Under a quasi-static loading regime, the structure deforms 
while the blast loading is being applied. Structural deformation is a function of time when 
it is subjected to dynamic loading conditions.  
The structural elements such as columns or beams may experience large inelastic 
deformations when subjected to blast loads. The accurate analysis for the true responses of 
the subjected structure can be obtained with a step by step numerical investigation 
procedure (Ngo et al. 2007). Therefore, this research used time history analysis to obtain 
the required blast response parameters for RC structures. 
2.3.2 Local Structural Behaviour 
 
The local structural response of a concrete member can be identified with two modes of 
behaviour, namely ductile and brittle. An element may obtain inelastic deflections without 
fully collapsing within the ductile mode of response. In the brittle mode, full or partial 
collapse of the elements occurs. If an element can undergo only a small amount of yielding 
prior to its fracture, it is identified brittle. There are several modes of failure associated 
with the brittle failure of concrete. Those are (Ngo et al. 2007; Zain 2006); 
 Direct spalling 
 Scabbing 
 Bleaching 
 Post-failure fragmenting. 
Direct spalling is the result of the dynamic separation of the concrete cover over the 
bending reinforcement due to high intensity blast pressure. The separation of the concrete 
cover over reinforcement, due to large member deflection, is referred to as scabbing. 
Localized shear failure occurs in the form of localized bleaching (punching) with low and 
 om tft  
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high-speed fragments. Post failure fragments developed with the collapse of the member 
element (Krauthammer et al. 1994). 
2.3.3 Pressure-Impulse (PI) Diagrams 
 
 
A pressure impulse (P-I) diagram is a graphical method to describe response of a particular 
structural element under direct loading conditions, in terms of pressure and the 
corresponding impulse. A P-I diagram shows the boundaries of different levels of 
protection or damage for a range of peak pressure, P and impulse, I (Krauthammer et al. 
2008). Figure 2-17 illustrates a typical P-I diagram (Yandzio et al. 1999). 
 
 
 
Figure 2-17: Pressure-impulse diagram (Yandzio et al. 1999) 
 
 
2.4 Material Response to Blast Loads  
 
Strength, ductility and mass are important properties of materials used to create structural 
elements for resisting blast loads. However, additional material properties are required to 
describe the behaviour of structural components subjected to blast loading, rather than 
static loading. Some of them are the strain-stress relationship, strain rate effects, different 
levels of deformation and energy absorption (Yandzio et al. 1999). When a structure 
deforms with an applied load or displacement, the stress of the component materials is 
changed according to the stress-strain curve of the material. Figure 2-18 shows the typical 
stress-strain diagram for concrete (Zain 2006). 
P  
I 
PhD Thesis 
 
 
32
Structural concrete does not show well-defined elastic or plastic regions in its stress-strain 
curve. Concrete has its maximum compressive stress at relatively low strains. It fails when 
there is a further increase of small strain. This implies the stress-strain curve for concrete is 
a non-linear relationship. Figure 2-19 shows the stress-strain curve for steel and σB is 
rupture stress. 
 
 
Figure 2-18: Stress-strain relationship for various grade of concrete (Zain 2006) 
 
 
Figure 2-19: Stress-strain relationship for steel  
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2.4.1 Dynamic Material Strength Enhancement due to Rapid Strain Rate 
 
Material behaviour is significantly different under a rapid loading environment compared 
to static loading conditions. This is due to the materials inability to rapidly deform beyond 
the normal rate in static loading. This results in the stress level increasing at the yielding of 
the material. Consequently, a structural component, such as a beam or column, gains 
additional strength enhancement in excess of its static loading carrying capacity (Grote et 
al. 2001). This strength enhancement is represented by the “dynamic increased factor” 
(DIF) in the blast analysis and is discussed in terms of changing strain rate (Malvar et al. 
1998). When a structural element is subjected to blast loading, strain rates typically vary in 
the range of 102-104s-1. Figure 2-20 demonstrates strain rates variation for several loading 
conditions. The variation of the stress-strain relationship with strain rate is presented in 
Figure 2 -21 for grade 40 concrete (Ngo et al. 2007).  
 
 
Figure 2-20: Strain rates for different loading conditions (Ngo et al. 2007) 
 
 
 
 
Figure 2-21: Stress-strain curves of grade 40 concrete at different strain rates 
 (Ngo et al. 2007) 
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Figures 2-22 (a) and 2-22 (b) show the DIF variation over the strain rate for concrete in 
compression and in tension, respectively (Bao et al. 2010). 
 
 
(a) Concrete in compression 
 
 
(b) Concrete in tension 
Figure 2-22: DIF variation over strain rate for concrete (Bao et al. 2010) 
 
Malvar et al. 1998 have established numerical equations to determine the DIF for concrete 
with different grades. These are presented in chapter 3 in detail.  
Steel’s behaviour in the elastic region under rapid loading conditions is similar to static 
loading as indicated in Figure 2-23 (Liew 2008). However, beyond the elastic region where 
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strain-hardening begins, the profile of the stress-strain curve deviates from the static case 
for a given strain the stress increase as the strain rate increase.  
 
                            
Figure 2-23: Stress-strain curves for steel for different strain rates (Liew 2008) 
 
 
The strength enhancement of steel is also represented by the DIF. Determination of DIF 
for steel are also discussed in chapter 3 in detail.  
Strain rate effects are incorporated in present blast load investigations for RC framed 
buildings, and necessary modifications are made in numerical models in LS DYNA to 
include the strength enhancement due to strain rate for both concrete and steel. 
2.5 Progressive Collapse  
 
Loss of the load-bearing capacity of one or two key structural elements at the lower part of 
a building leads to collapse of the entire structure, floor by floor progressively (Sevin et al. 
1998). This phenomenon is called progressive collapse could be a result from a blast or 
impact at close proximity. Alfred P. Murrah Federal building, Ronan Point apartments, UK 
and Khober Towers bombing are well known examples of progressive collapse incidents in 
recent years (Grant 1998; Osteraas 2006; Yandzio et al. 1999). A blast assessment for 
buildings and their components requires identifying the progressive collapse following the 
reduction of the load carrying capacity of the local structural components at the lower 
storeys (Izzuddin et al. 2007). Therefore, identification of critical elements with the 
residual load bearing capacities is important to prevent the progressive collapse of an entire 
building.  
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Recently published UFC4-023-03 analyses and design criteria are used to investigate the 
buildings to resist progressive collapse following the failure of key components (Marchand 
2005). UFC4-023-03 recommends a structural analysis with a removed critical column in 
the building to identify the structural response for the normal loading conditions of dead, 
live and wind. However, this method involves limitations and recent research has 
highlighted out its deficiencies (Elvira et al. 2006; Izzuddin et al. 2007; Sasani et al. 2008; 
Vlassis et al. 2008). Therefore, there is NO comprehensive guide to assess the blast 
response of RC framed multi-storey buildings to design for mitigating progressive 
collapse. Further research is required to identify the mitigation strategies for progressive 
collapse of a RC framed building subjected to a near field explosion. The combined 
investigation of global and local structural behaviour of a building and its components 
must be conducted to identify the blast response and progressive collapse.   
 
2.6 Blast Investigations on Buildings and Components  
 
TM5-1300 1990 is the traditional manual for analysis and design of structures for blast 
loads. It provides basic guidance to establish blast load parameters with graphically 
illustrated relationships. Although new analysis and design strategies have been later 
developed, TM5-1300 is still used for conventional blast prediction, analysis and design 
practices. 
Luccioni et al. 2004 numerically investigated a complete reinforced concrete building 
subjected to an internal explosion. This study identified the response of an actual building 
that suffered a terrorist attack in 1994. The structure was subjected to progressive collapse 
caused by a column failure near the detonation. This study provided a method to evaluate 
the blast response of the RC building, however it is time consuming and uneconomical for 
typical multi-storey buildings. 
Agnew et al. 2007 presented concrete detailing to provide robustness, ductility and 
redundancy to gain resistance against progressive collapse. The basic steel detailing 
requirement for the RC columns was identified. However, their detailing addressed the 
blast resistance of the RC column during blast loading. They did not provide any 
recommendation to enhance the post blast capacity of the RC column through reinforced 
steel detailing.  
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Liew 2008 investigated the performance of steel frame structures subjected to blast loads. 
A multi-storey steel framed building was analysed in the study and the complex interaction 
effects of blast and fire was quantified. Fire resistance is important for steel structures and 
so fire-blast interaction diagrams were developed. However, concrete is a fire resisting 
material and a concrete encased steel column may provide sufficient protection. A 
composite RC column is therefore adequate to resist blast pressure, fire and the collapse of 
a large building and need a comprehensive assessment. 
Jun-xiang et al. 2009 presented a two-step approach to the progressive collapse analysis of 
building structures under blast loading. Two dimensional RC framed building models were 
developed and analysed to identify the vulnerability of a progressive collapse due to local 
damage of key elements resulting from blast loading. However, the integrity of a 3D RC 
frame was not investigated and a single damaged zone for one blast loading condition was 
evaluated.  
Silva et al. 2009 identified a procedure to estimate damage from certain blast load 
scenarios in a series of experiments for RC slabs. However, the study was limited to RC 
slabs. Other structural components such as load bearing key columns need a similar 
investigation to identify the blast response and damage. 
Keane et al. 2009 evaluated blast damage to British buildings. They described their 
experiences of investigating and repairing blast damaged structures and identified the 
inherent dangers associated with damaged buildings. The residual capacity of the damage 
building was therefore highlighted as important. 
Bao et al. 2009 investigated the dynamic responses and residual axial strength of 
reinforced concrete columns with a parametric study. This study identified the effects of 
RC columns’ parameters such as reinforcement ratio, axial load ratio, and column aspect 
ratio on blast response. The study proposed a formula to estimate the residual axial 
capacity ratio based on the mid-height displacement to height ratios. However, concrete is 
a composite material and RC behaviour under damaged condition change due to the loss of 
confinement of concrete following the steel reinforcement disintegration. Therefore, 
residual capacities estimation based displacement criteria is not the appropriate method for 
RC structures and new criterion is needed depend on material yielding and concrete 
confinement. 
Kwasniewski 2010 conducted non-linear dynamic simulations of a progressive collapse for 
a selected multi-storey building. A 3D model with large number of finite elements was 
developed for a steel structure. This study identified that modelling parameters affecting 
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the progressive collapse of a multi-storey steel building. Therefore a similar investigation 
is required for RC buildings.  
Carreno et al. 2010 developed a computational tool for the post-earthquake evaluation of 
damage in buildings. A method and computational tool were proposed to assess the 
damage and safety evaluation of buildings after an earthquake. A similar computation tool 
is required for the assessment of a blast damaged building. 
Shi et al. 2010 presented a new method to investigate the blast response of RC frames 
subjected to blast loads. The progressive collapse analysis of a building was carried out by 
a “member-removal” approach which deals with the removal of a damaged component and 
then is reanalysed to evaluate a building structure. The analysis was carried out with 
nonzero initial conditions and initial damage to adjacent structural members. Pressure 
impulse diagrams identified the failure blast loads. Their numerical model consisted of one 
bay in the blast direction and focused on evaluation of the vulnerability to progressive 
collapse. However, post blast performance of a numerical model was not evaluated in 
partially damaged conditions. 
 
2.7 Design to Mitigate Blast Effects of RC Buildings 
 
 
The retrofitting techniques are applied to structural components of the buildings to provide 
adequate strength and prevent catastrophic or progressive collapse. An adequate level of 
ductility, redundancy and robustness needs to be provided to structural elements to absorb 
short duration high intensity blast pressure so as to avoid significant failure, locally and 
globally. Longitudinal and transverse reinforcement detail is important to gain concrete 
confinement for RC columns and prevent premature buckling of the vertical reinforcement 
bars, thereby preventing progressive collapse (FEMA-426 2003). Steel jacket or fibre 
reinforced plastic (FRP) composite wraps are commonly used to strengthen RC columns, 
especially of existing buildings (Morrill et al. 2004; Rodriguez Nikl et al. 2009). However, 
the retrofitting or design methods used to strengthen the structure must be cost effective 
and easy to use in design and construction practises (Morrill et al. 2004). Therefore, simple 
and economically feasible design or retrofit methods are required for existing or future 
buildings to strengthen structural components and to mitigate failure of the entire building 
structure.     
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2.8 Chapter Summary 
2.8.1 Literature Review Findings  
 
 Recent incidents illustrate that terrorist bomb attacks are usually to high occupant 
iconic and public buildings. Most of them are reinforced concrete framed 
structures. These bomb explosions occurred near the buildings. Therefore, 
comprehensive blast load investigations are necessary to assess their vulnerability 
when subjected to near field blast events. This will identify the potential of 
catastrophic or progressive collapse. However, limited information is available to 
assess the vulnerability of RC buildings and most of them addressed on military or 
defence related structures such as bankers. These are not suitable for public 
buildings. 
 Numerical modelling and analysis with computer code is a feasible method to 
investigate the blast response of structures as experimental testings involve high 
risks and there are many safety issues associated with explosives. 
 Material behaviour is significantly different under rapid strain rate circumstances 
compared to static loading conditions and therefore, strength enhancement due to 
rate effects must be incorporated in to any blast load investigations of structures. 
Therefore, present investigation needs to include strain rate effects in analysing RC 
framed buildings to blast loads.     
 A step by step dynamic analysis with time-history provides a true response of a 
structure subjected to blast load, as blast pressure intensity load change from time 
to time according to the different standoff distances.  
 
2.8.2 Knowledge Gaps 
 
 
As in seen from the literature review, the following issues need systematic investigations; 
 
 
 Research has been conducted for simple blast analysis of RC framed buildings and 
their components to study their vulnerability and to implement retrofit measures. 
Some studies examined the progressive collapse mechanisms of building frames 
and recommended retrofit methods to avoid catastrophic failure of the entire 
structure, while others assessed the individual structural elements. There is no 
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comprehensive investigation involving both a global analysis to investigate overall 
RC building performance coupled to a local analysis to determine response of the 
critical components.  Limited research has however identified the effects on RC 
framed buildings subjected to near field blast load. Additionally, these are limited 
to either the stability of a sub frame or the response and damage to a single 
structural component. Extensive investigation has been carried for steel framed 
multi storey buildings and similar study is needed for RC framed buildings, too 
(Kwasniewski 2010). A comprehensive analysis is therefore needed for RC framed 
buildings to interrogate the structural framing system and components for global 
stability combined with a rigorous investigation of key structural components for 
damage evaluation. This provides a means for evaluating the non-linear response of 
key elements through rigorous analysis to determine the extent of damage and post 
blast serviceability conditions.  A combined two phase assessment is therefore 
required to evaluate the global stability and the structural integrity of the building 
frames as well as the response of the critical components in order to protect the 
building against catastrophic collapse. 
 A near field explosion critically affects a localized zone at the lower part of the 
building. Therefore, an analysis is required to identify the blast response of the 
local frame captured from the lower part of the building under different blast load 
scenarios. However, the vulnerable local zone must be identified from a global 
analysis of the entire building, for the analysis and design of key structural 
components such as beams and columns. The blast influence region for a potential 
blast load scenarios is needed for a typical framed building. 
 Current knowledge on quantifying and predicting explosion damage of an RC 
framed building subjected to blast loading is incomplete and limited, although 
necessary in the present environment of global terrorism. Blast assessments and 
designs are generally conducted by the defence sector and related information is not 
published due to security reasons. Available source are restricted to defence or 
military related structures and cannot be used in public buildings. Therefore, future 
investigations are needed to recommend methods to evaluate the damage to RC 
framed building and its components. 
 There is NO comprehensive guidance to assess the global and local response of 
multi-storey RC framed buildings and their components to blast loads. 
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 Appropriate design methods are required for load bearing key structural 
components such as columns, to maintain post blast gravity load resisting capacity 
to avoid catastrophic or progressive collapse of an entire building. 
 Longitudinal and transverse steel cages provide confinement for concrete to resist 
high intensity blast pressure. However, reinforcement detailing must be improved 
to enhance post blast load carrying capacity. A detailed investigation is required to 
identify the reinforcement arrangements required for a typical RC column. 
 Composite columns are sometimes preferred over RC columns in buildings for 
superior structural performance. These can be used to provide an additional load 
resisting capacity for key structural RC components at post blast stage. A 
composite column with central structural steel core can be used for this purpose and 
an investigation is required to identify the performance of a composite column 
which mitigates the catastrophic failure of a RC column. 
 
Chapter 3 presents the method and theories involved at present blast investigation for RC 
framed buildings. 
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3 METHOD OF ANALYTICAL INVESTIGATION 
 
3.1 Introduction 
This chapter describes the analytical methods and theories involved in this investigation of 
the response of the RC framed building subjected to near field blast events. Computer 
modelling and analysis provide a feasible approach to identify structural responses 
subjected to random load environments. Blasts are one such example and experiments 
involving explosives are complicated due to safety issues and the high risk associated with 
explosions (Xinzheng et al. 2004). Therefore, finite element modelling (FEM) and 
analytical techniques have been extensively employed using the computer codes SAP2000 
version 11 and LS DYNA 970. The purpose of employing two computer codes addresses 
the limitations of both codes in modelling specific parameters of blast load investigations. 
SAP2000 has limitations in modelling specific material parameters with strain rate effects 
whereas LS DYNA allows strain rate effects to be modelled. However, LS DYNA has the 
limitations in model size, capacity, computational cost and analysis time compared to 
SAP2000. Therefore, each computer code has its own advantages and disadvantages for 
any structural investigation to explosion loads. An analysis combining both codes provides 
confidence in the analytical results of structures subjected to blast load scenarios. 
3.2 Blast Analysis Approach 
Blast waves interact with buildings structures engulfing the structure and then dragging 
structure. Available methods of computer modelling used for blast analysis are identified 
as coupled or uncoupled analysis systems. Both blast load prediction and structural 
modelling are achieved together in one computer model in coupled analysis system. 
Uncoupled analysis treats modelling and analysis of structures applying pre-determined 
loads separately. Coupled analysis involves computational fluid dynamic (CFD) methods 
which are highly complex for structural configurations with large numbers of individual 
components such as RC building. Similarly, CFD investigations yield results which lack 
reliability (Ngo et al. 2007). Therefore, a simplified numerical approach employing 
uncoupled techniques has been adopted for this research to determine structural response to 
blast loads.  
The blast loads are applied to the framing members such as columns and beams, on the 
exposed structural area on the assumption that all walls and cladding elements are 
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frangible and therefore incapable of transferring any loads acting on them to the framing 
elements. The reflection areas of the structural components are assumed big enough in 
order that there is no blast wave diffraction around the structure. Therefore, empirical 
equations can be used to determine the blast load parameters (Shi et al. 2007). 
3.3 Implicit and Explicit Analysis 
FEM analysis can be carried out with implicit or explicit algorithms. In the implicit 
algorithm, the predictor corrector method solves non-linear problems and the stiffness 
matrix of the structural system is updated throughout the whole analysis. In the explicit 
algorithm, the corrector method is not used and there is no equilibrium check during the 
analysis. The explicit method solves the discrete equation of motion in such a way that the 
solution at computational cycle t = t+Δt is based on the output of the equilibrium condition 
at t = t (LS DYNA user manual 2007). This resururch uses explicit analysis for blast 
investigation. Further information on implicit and explicit analyses can be obtained from 
the SAP 2000 user manual (2004) and LS DYNA user manual (2007). 
3.4 Global Structural Analysis   
A global structural analysis for complete building is performed using the commercially 
available graphical user interfaced FEM code SAP2000 version 11. All structural 
components incorporated in RC framed buildings, including the shear core are integrated 
in the numerical model, and participated in the blast analysis. 3D multi-storey building 
models are developed. Beams and columns are modelled as frame elements while slab and 
shear walls are modelled as shell type elements. Since the aim of this research is to 
evaluate RC framed buildings, concrete and reinforced steel properties are incorporated to 
the numerical models. However, SAP2000 does not include material properties with 
defined material models. Cross-sectional properties of beams and columns are defined 
using line section properties, and area sections are defined for shell type elements 
(SAP2000 user manual 2008). 
Load cases which the structure is subjected to during the analysis are defined. Dead, live, 
and wind loads are the nominal loads acting on a building in normal practice, and the blast 
analysis is carried out with gravitational loads under the serviceability state. Blast load 
segments applied on the framing components are defined individually as the intensity of 
explosion loads vary rapidly with the distance from the blast source. Therefore, each blast 
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load segment following the explosion has its own arrival time to the structure, and its own 
magnitude and duration of loading. SAP2000 provides an excellent capability to input the 
loads with time history variations (SAP2000 user manual 2008). The simplified blast load 
profile used in this research is illustrated in Figure 3-1. 
Individual blast load segments are linked to one single analysis case that represents a 
complete blast loading of the structure. Since blast loads deal with time histories following 
an explosion, a time-history analysis will provide a true outcome of the structure’s 
response, during and after the investigation. 
 
 
 
Figure 3-1: Simplified blast pressure-time profile 
 
3.4.1 Time-History Analysis 
 
Time-history analysis of a structure involves solving the dynamic equilibrium equation; 
                
                                                Eq. 3-1 
 
where K is the stiffness matrix, C is the damping matrix, M is the diagonal mass matrix; x , 

x ,and x are the displacement, velocity and acceleration of the structure, respectively. F 
represents the applied load. Direct integration as described in the literature, more 
efficiently solves the linear impact and wave propagation problems. Numerical direct 
integration is therefore used to solve the dynamic equilibrium equation step-by-step in 
order to obtain the dynamic response of structural systems. A number of integration 
methods are available each with different defined algorithms. The constant acceleration 
method, linear acceleration method, the Newmark beta method, Wilson theta method, and 
the Hilber-Hughes-Taylor-alpha (HHT) method are identified as the available methods 
along with the computer code SAP2000 (SAP2000 user manual 2008). The HHT method is 
 tFxMtxCtKx   )()(
Time  
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su
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an implicit method used successfully in the field. Therefore, the HHT method is used for 
dynamic analyses along with SAP2000 in this research. To obtain an approximate solution 
for the dynamic equilibrium equation using the HHT method, a family of algorithms are 
defined by the following relations.  
               Eq. 3-2  
 
 
      Eq. 3-3 
 
                       
                            Eq. 3-4 
 
where N is the number of steps, Δt is the time step, a, d and v are acceleration, position 
(displacement) and velocities respectively. tn =nΔt, Fn= F(tn).  α, β  and γ are parameters 
governing the stability and numerical dissipation of the algorithm. β and γ are expressed in 
terms of α in such a way that,  
2
21    and 
2
2
1 

   . α controls the amount of 
numerical dissipation and is in the range of -1/3 to 0. A small time step is required to 
obtain a stable solution for most real structures with stiff members (SAP2000 user manual 
2008).  
3.5 Local Analysis 
LS DYNA enables rigorous analysis incorporating material non-linearity. However, it can 
be used only for localize sub frame or components due to limitations in computational 
capacity and analysis time. MSC PATRAN is used to create the geometrical model as a 
pre-processor for a localize sub frame system or a component captured from entire 
structure (MSC software PATRAN 2008). The LS DYNA is used for explicit analysis to 
evaluate the blast response in this research. This non-linear modelling approach for blast 
analysis is validated with an experimental investigation results as presented in chapter 4. 
3.5.1 Geometric Modelling with MSC PATRAN 
 
Geometric development of the RC frame models is achieved using MSC PATRAN version 
2008r. PATRAN allows line and solid element mesh creation with a user friendly graphical 
interface. A key file corresponding to the developed geometric model is produced after the 
PATRAN analysis and that key file became the input file to LS DYNA for modification 
     111 1   nnnn FkdKdMa 
      121 5.0   nnnnn aattvdd 
      11 1   nnnn aatvv 
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with new properties (MSC.Patran 2008r User's Guides). However, the FEM meshing of the 
structural components in the model should be totally achieved with PATRAN modelling. 
A convergence test is conducted for the developed numerical model by changing the finite 
element mesh until the convergence of response parameter, the maximum lateral 
displacement for a constant lateral load. 
3.5.2 LS DYNA Modelling 
   
The key file taken from the MS PATRAN analysis has to be modified in LS DYNA with 
appropriate parameters. The parameters to be modified or included are material models, 
load segments and their load-time function, boundary conditions, and controlling 
parameters such as hourglass and termination. The convergence of the finite element mesh 
is checked with LS DYNA model analysis. The governing equations and theories 
employed in LS DYNA to perform the analysis are presented below with relevant 
parameters. 
3.5.2.1 Solid Elements, Volume Integration and Hourglass Control 
 
If a finite element mesh interconnected at nodal points is considered, when  tXxi ,  denotes 
the deformation of a point in a fixed rectangular Cartesian coordinate system with time t, it 
can be written as (LS DYNA user manual 2007); 
 
                                            txtXx jikj ji  ,,, 1                                               Eq. 3-5 
 
where X is the initial coordinate at t=0, j are shape (interpolation) functions of the 
parametric coordinate   ,, , k is the number of nodal points defining the elements and 
j
iX  is the nodal coordinate of the j
th node in the ith direction. The shape function, j  is 
defined for a mesh of 8 node hexahedron solid elements, as; 
 
                                  jjjj   11181                                       Eq. 3-6 
 
where jjj  ,, take on their nodal values of )1,1,1(   and jiX is the nodal coordinate of the 
jth node in the ith direction, as shown in Figure 3-2 (LS DYNA user manual 2007). 
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Figure 3-2: 8 node solid hexahedron element (LS DYNA user manual 2007) 
 
From the momentum, and the energy equations, the governing equation is written as; 
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                              Eq. 3-7 
 
where N is an interpolation matrix, and  is the stress vector. The solution for 
displacement, velocity, and acceleration can be obtained by solving the above equation 3-
7. Volume integration is carried out using the Gaussian quadrature rule. This research is 
used the single point integration method where the solid integration is reduced to only one 
integration point located at the centre of the element. The single point integration saves 
computational time compared to the full integration method. However, it needs hourglass 
energy control during the analysis (Baylot et al. 2007). 
3.5.3 Material Model for Concrete 
 
Selecting a suitable material model for the numerical analysis is important as the structural 
response is sensitive to the material model and its properties. Concrete behaves as a ductile 
material under hydrostatic pressure conditions and it exhibits brittle failure in tension 
conditions. There are several material models available in the LS DYNA material library to 
represent structural concrete. However, since this investigation examines blast loads, the 
concrete model must be able to incorporate non-linear material properties during the 
analysis. This will allow modelling of strength enhancement of the concrete due to rapid 
stain rate effects. The literature has shown that material model MAT72 Concrete Damage 
REL3 can successfully incorporate non-linear concrete properties (Bao et al. 2010; Shi et 
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al. 2008; Thilakarathna et al. 2010). Another advantage of this model is that only one user 
input parameter (unconfined compressive strength) is sufficient to perform the analysis and 
this parameter can be easily obtained by experimental tests. Therefore, this blast 
investigation uses the MAT72 REL3 material model to represent concrete in the local 
analysis with LS DYNA.  
The stress tensor in this concrete material model is expressed as a combination of 
hydrostatic and deviatoric stress tensors. The concrete volume is governed by the 
hydrostatic tensor and shape deformations are controlled by the deviatoric stress tensor 
(Bao et al. 2010). Therefore, concrete damage is associated with these stress tensors in this 
material model. 
A multi-linear approximation of internal energy is used for the compaction mode for the 
hydrostatic stress tensor with pressure, P defined as; 
 
Eq. 3-8 
 
where E is the internal energy per initial volume, γ is the ratio of specific heats, and εv is 
the volumetric strain given by the natural logarithm of the relative volume. Figure 3-3 
shows the pressure versus volumetric strain variation. Stresses are positive in tension and 
the pressure is positive in compression. 
 
Figure 3-3: Pressure versus volumetric strain (Bao et al. 2010) 
 
The concrete material model has an elastic path from hydrostatic tension cut-off to the 
elastic limit at point T as shown in Figure 3-3. The tension failure occurs when the tension 
stress exceeds the hydrostatic tension cut-off. Similarly, the concrete becomes a granular 
type material when the volumetric strain is greater than the elastic limit, T. 
   ETCP v 
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This concrete material model uses three shear failure surfaces defined as initial yield, 
maximum failure and residual surface to evaluate deviatoric stress (Baylot et al. 2007). 
Figure 3-4 shows these failure surfaces with defined notations. 
 
Figure 3-4: Failure surfaces in concrete material model (Baylot et al. 2007) 
 
If σxx , σyy and σzz are stresses in the  X ,Y and Z directions, and pressure, P is the mean 
stress expressed as; 
       3/zzyyxxP                           Eq. 3-9 
 
 
The deviatoric stress limits are incorporated with the function for stress difference, Δσ 
defined as; 
 
 Eq. 3-10 
 
 
where m  is the maximum failure surface given by; 
 
 paa
paom
21 

     Eq. 3-11 
r is the residual surface expressed by; 
 
 
 Eq. 3-12 
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The parameters ffo aaaaa 2121 ,,,, can be determined by a regression fit of the above 
equations to the available laboratory test data. The parameter η is a user defined parameter 
called yield scale factor and is a function of a modified effective plastic strain measure, λ.  
The initial yield surface, y  is located between m  and r  as shown in Figure 3-4 and 
is expressed by;  
 Eq. 3-13 
 
 
where  0 y the initial value of η before any yield is occurs. The LS DYNA manual 
suggest that η = 0.309. The initial yield surface, cy  can also be expressed for 
compression as; 
 
 Eq. 3-14 
 
 
Figure 3-5 shows the concrete constitutive model indicating the first yield, maximum 
strength and residual strength. 
 
 
Figure 3-5: Concrete constitutive model (Baylot et al. 2007) 
 
The modified effective plastic strain measure, λ represents damage to the concrete and has 
two definitions for compression  0p  and tension  0p . The λ is calculated for the 
expression; 
   
Eq. 3-15
  
where ft is the static tensile strength of concrete and pd  is the effective plastic strain 
increment expressed by; 
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  pijpijp ddd  32   Eq. 3-16 
 
where pijd is the plastic strain increment tensor. As the concrete gains strength due to 
strain rate effects, the failure surfaces and the damage function,  need to be modified. The 
enhancement on the concrete failure surface is illustrated in the following equation; 
    
      fcmfcme rpr      Eq. 3-17      
  
The maximum failure surface then becomes; 
 
 Eq. 3-18 
 
  
  
and after the modification for strain rate effect,  becomes; 
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  Eq. 3-19  
 
where rf  is the dynamic increasing factor for concrete (DIF).  Figure 3-6 shows the 
modified failure surface including strain rate effects. Enhanced compressive and tension 
meridians are shown in the Figure 3.6 by dotted lines. 
 
 
Figure 3-6: Modified failure surface including rate effect (Nam et al. 2008) 
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The DIF for concrete is expressed using two types of equations for concrete under both 
compression and tension conditions. The DIF for concrete in compression is; 
 
                


 026.1




s
DIF 
  for 130  s                 Eq. 3-20  
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   for 130  s    Eq. 3-21 
 
where is the strain rate, s = 30 x 10-6s-1, γ is a constant defined as log  =  6.156 -2, 
 = 1/(5+9
co
c
f
f ' ), cof = 10MPa and 
'
cf is the static concrete compressive strength. 
Similarly, the DIF is calculated for concrete under tension conditions as; 
    





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
s
DIF 
  for 10.1  s  Eq. 3-22 
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   for 10.1  s  Eq. 3-23 
where  is the strain rate, s = 10-6s-1, β is a constant defined as log  = 6 -2, 
  = 1/(5+8
co
c
f
f ' ), cof =  10MPa and
'
cf is the static concrete compressive strength. 
3.5.4 Material Model for Steel 
 
The longitudinal and transverse reinforcement and structural steel are modelled as an 
elastic-plastic material using the MAT03 Plastic Kinematic model available in the LS 
DYNA material library. Isotropic and kinematic hardening plasticity with rate effects can 
be implemented in this model. This material allows a minimum run time and can be 
assigned to truss or solid elements (LS DYNA user manual 2007). 
In this material model, isotropic or kinematic hardening or their combinations are related 
with a varying parameter called β between 0 and 1. Figure 3-7 shows the isotropic and 
kinematic hardening.  
PhD Thesis 
 
 
53
 
 
Figure 3-7: Elastic-plastic behaviour with isotropic and kinematic hardening 
 (LS DYNA user manual 2007) 
 
 
The yield function of the steel is based on the Von-Mises criterion defined as; 
 
 Eq. 3-24 
 
where σo is the initial yield stress, β represents the strain rate effect and fh(εpeff) is the 
hardening function. The Cowper-Symonds model is used to incorporate strain rate effects 
for steel, and β is written as (LS DYNA user manual 2007); 
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



                                        Eq. 3-25 
where  
  is the uni-axial plastic strain. C and P are material constants that can be included 
in the material model MAT03 as two parameters with the values of 40 and 5 respectively, 
as taken from the Table 8.1 for steel in (Stouffer D. and Dame L. 1996).  
Fh(εpeff) is expressed in terms of plastic stiffness, Ep and effective plastic strain, εpeff  as; 
 
    effppeffph Ef    Eq. 3-26 
 
  peffhoy f  
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Reinforcing steel is modelled as truss elements with the 2 x 2 Gauss quadrature rule in LS 
DYNA. The input parameter is the cross sectional area of the main and shear steel 
reinforcement bars. 
3.5.5 Time Integration in LS DYNA 
 
The equilibrium equation can be written for a single degree of freedom damped system by 
the d’Alembert principle as (LS DYNA user manual 2007); 
 Eq. 3-27 
where 
 umft , Eq. 3-28 
 2
2
dt
udu  (acceleration) Eq. 3-29 
 cufD      Eq. 3-30 
dt
duu  (velocity) Eq. 3-31 
 
ukf .int  , and u is the displacement. C is the damping coefficient, fint is the internal force 
and k is the linear stiffness for linear cases. For non-linear cases, the internal force varies as 
a non-linear function of the displacement, u. The non-linear ordinary differential equation 
can then be obtained as; 
 Eq. 3-32 
 
To solve this equation, the explicit central difference scheme is used in LS DYNA.  In the 
central difference scheme, the semi–discrete equation of motion at time n is written as; 
 
 Eq. 3-33 
 
Where M is the diagonal mass matrix, Pn represents the external and body force loads, Fn is 
the stress divergence vector, Hn is the hourglass resistance and a is acceleration. For the 
next increment of time to tn+1, the central difference time integration is used written as; 
 
 Eq. 3-34 
 
 tPfff Dt  int
   tpufucum   int
nnnn HFPma 
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 Eq. 3-35 
 
 Eq. 3-36 
Where  
2
1
2
1  
nn
n ttt , u and v are the global nodal displacement and velocity vectors 
respectively. The geometry will be updated by adding the displacement increment to the 
initial geometry. The time integration loop in LS DYNA is shown in Figure 3-8 (LS 
DYNA user manual 2007). 
 
 
Figure 3-8: The time integration loop in LS DYNA (LS DYNA user manual 2007) 
 
 
3.6 Structural Damping  
 
Damping causes a steady decrease in the amplitude of vibration of a structure. Every 
structural dynamic system has some damping. However, the damping effect may not be 
significant where the load duration is short compared to the natural period of vibration of a 
structure. Therefore, TM5-1300 1990 illustrates that damping effects are hardly ever 
considered in the analysis and design for blasts, due to the following reasons. 
 Damping has little effect on the first peak of response, which is one cycle of 
response of interest. 
 Energy dissipation through plastic deformation is much greater than the 
amount dissipated by normal structural damping. 
 Ignoring damping is a conservative approach. 
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Therefore, structural damping is not considered in this investigation. 
3.7 Determination of Blast Load Parameters 
The determination of credible loads and related parameters is the initial step in any analysis 
or design of structures. Therefore, the preliminary step of this research is also to establish 
the blast load parameters required in structural models. Numerical simulation of the 
structures is associated with an uncoupled analysis procedure, and therefore the necessary 
blast load parameters are established using available standard sources based on empirically 
developed equations and experiments in the area of explosions. Empirical equations 
developed by Kingery et al. 1984 and charts provided by TM5-1300 1990, are used in this 
research assuming infinite target dimension for the building. Air pressure is the dominant 
cause of critical damage to the building, and ground borne shock resulting from the bomb 
blast and its transmission to the foundations of the building have not been investigated in 
this study (Horoschun 2007). 
Recent bomb explosions revealed that public buildings on city streets are common targets 
by a small truck or a car bomb often positioned a little above the ground level. Therefore, it 
is reasonable to assume a hemispherical surface blast environment as a conservative type 
of external blast scenario on a building.  
Different explosion load scenarios can be established by changing the charge weight and 
standoff distance. Explosive weight is measured with equivalent TNT (Trinitrotoluene) in 
kilograms and standoff distance is measured in meters. Potential charge weights are 
selected in the range of 50kg to 600kg of TNT as they can be carried by a typical small 
truck or car. TM5-1300 1990 recommends applying a safety factor of 1.2 to the explosive 
weight, and therefore factored charge weights are used in the prediction phase.  
Simplification of the blast wave profile was discussed in chapter 2, and linear decay of 
over pressure is assumed in the calculations. The time taken to linear decay of over 
pressure is within 1-12ms and varies according to the charge weight and standoff distance. 
Only the positive impulse is preserved and the negative phase effects are ignored. The 
negative phase must be taken into account as a significant factor in the analysis and design 
of lightweight structural members.  
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3.7.1 Sample Calculation  
 
The method used to determine blast load parameters at point A is illustrated, when A is at 
different locations, as described in each sample. 
 
 
Figure 3-9: Simple diagram for blast load determination 
 
The blast origin is point O in Figure 3-9. A is the point where the blast parameters need to 
be calculated. It is located relative to O by the horizontal distance, d and the height, h.  The 
angle of incidence is α which is made between the shock wave and the line perpendicular 
to the target surface. w is the length in transverse direction when the point A is in position 
A1. According to Pythagoras theorem; 
 
  22 hdR                                                 Eq. 3-37 
 
                Eq. 3-38 
 
 
The maximum reflected pressure, Pr and total reflected impulse, ir of the actual load’s 
positive phase are calculated so that the design duration, to = 2ir/pr. The negative phase is 
neglected as it usually has little effect on the maximum response. Pr and ir can be 
calculated for a given combination of R and W using the scaled distance, Z and the 
standard curves in TM5-1300 1990, assuming infinite target surface dimension. Scaled 
distance, Z is defined as; 




 
d
h
R
d 11 tancos
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 Eq. 3-39 
 
Figure 3-10 (Figure 2-7 in chapter 2) shows all required parameters with respect to scaled 
distance Z.  
 
Figure 3-10:  Positive phase shock wave parameters for a hemispherical TNT explosion 
on the surface at sea level (TM5-1300 1990) 
3/1W
RZ 
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All units used in the manual are imperial and therefore all calculations are carried out using 
imperial units. The influence of the incident angle is based on curves in TM5-1300 1990 
and is shown in Figure 3-6. The reflected pressure coefficients, Crα are determined using 
the incident pressure, and the angle of incidence is; 
  
 Eq. 3-40 
 
 
 
Figure 3-11: Reflected pressure coefficients versus angle of incidence (TM5-1300 1990) 
 
 
Four different sample calculations are then presented to illustrate the blast load calculation 
process when point A is at different locations with respect to blast origin, O, height from 
the ground level, h and transverse length, w at the front face of the building. 
  
 
so
r
r P
PC 
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3.7.1.1 Sample Calculation 1 
 
When point A is located at a horizontal distance, d of 5m and a height, h of 0m; 
Horizontal distance, d                 = 5m      = 16.4042ft 
Height, h                                     = 0m      = 0ft 
Charge weight, W                       = 500kg = 1102.32lb 
Stand-off distance, R                  = 5m      = 16.4042ft 
Scaled distance, Z                      3/1)32.1102(
4042.16 = 1.548ft/lb (1/3) 
 
Based on Figure 3-10, Pr = 3615psi, Pso = 500 psi, tA  = 1.66ms and to = 1.08ms. 
3.7.1.2 Sample Calculation 2 
 
When point A is located at a horizontal distance, d of 5m and a height, h of 3m; 
Horizontal distance, d                   = 5m                = 16.4042ft 
Height, h                                       = 3m                = 9.8425ft 
Charge weight, W                         = 500kg           =1102.32lb 
Stand-off distance, R                     22 hd    
                                                      =  22 8425.94042.16   
                                                      = 19.1304ft 
 
Since the shock wave meets the impacted surface at an angle, α, the influence of the 
incident angle should be included in the blast load calculations (Remennikov 2003).  
 
Incident angle,   α                         

 
d
h1tan
         
= 


4042.16
8425.9tan 1  
 
   = 30.96o 
 
Scaled distance, Z                        3/1)32.1102(
1304.19
        
= 1.852 ft/lb (1/3) 
 
Based on Figure 3-10, Pr = 2500psi, Pso = 350psi, tA = 2.15ms, to = 1.16ms. 
 
The reflection coefficient from Figure 3-11, Pso = 350psi, angle of incidence, α =30.96 o,  
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Therefore, Crα = 6 
This implies that Prα = 6 x 350 = 2100psi. 
 
Therefore, the parameters for A (5, 3) are a maximum pressure, P = 2100psi, arrival time, 
tA = 2.15ms, and duration, to = 1.16ms. 
 
3.7.1.3 Sample Calculation 3 
 
When point A is located at a horizontal distance, d of 5m and a height, h of 15m; 
The horizontal distance, d            = 5m            = 16.4042ft  
Height, h                                       = 15m          = 49.2126ft 
Charge weight, W                         = 500kg       = 1102.32lb 
Stand-off distance, R                     22 hd   =  22 2126.494042.16   
                                                       = 51.8746ft 
Since the shock wave meets the impacted surface at an angle, α, the influence of the 
incident angle should also be included on blast load calculations (Remennikov 2003). 
 
Incident angle,   α                         

 
d
h1tan = 


4042.16
2126.49tan 1  
 
    = 71.56 o 
 
Scaled distance, Z                         3/1)32.1102(
8746.51 = 5.0217 ft/lb (1/3) 
 
Based on Figure 3-10, Pr = 150psi, Pso = 40 psi, tA = 13.36ms, to = 8.17 ms. 
The reflection coefficient from Figure 3-11, Pso = 40 psi, angle of incidence = 71.56 o , 
Therefore, Crα = 1.5 
This implies Prα = 1.5 x 40 = 60psi. 
 
Therefore, the parameters for A (5, 15) is maximum pressure P = 60 psi, arrival time tA = 
13.36ms, duration, to = 8.17ms. 
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3.7.1.4 Sample calculation 4 
 
When point A is in A1 located at a horizontal distance, d of 5 m, height, h of 10 m, and 
length in transverse direction, w of 5 m; 
The horizontal distance, d            = 5m       = 16.4042ft 
Height, h1                                      = 10m     = 32.8084ft 
Transverse length, w                     = 5m       = 16.4042ft 
Charge weight, W                         = 500kg   =1102.32lb 
Stand-off distance, R1                     2212 whd    =  222 4042.168084.324042.16   
                                                      = 40.1819ft 
Since the shock wave meets the impacted surface at an angle, α, the influence of the 
incident angle should also be included in the blast load calculations. 
Incident angle,   α1                         


 
1
1cos
R
d
           
= 


1819.40
4042.16cos 1  
 
   = 65.90 o 
 
Scaled distance, Z                         3/1)32.1102(
1819.40
       
= 3.8898 ft/lb (1/3) 
 
Based on Figure 3-10,   Pso = 75psi, tA = 5.01ms, 
The reflection coefficient from Figure 3-11, 
Pso = 75psi, Angle of incidence = 65.90 o, therefore, Crα = 1.6 
This implies Prα = 1.6 x 75 = 120 psi. 
 
Therefore, the parameters for A (5, 10.5) is maximum pressure, P = 120psi, arrival time, tA 
= 8.28ms, duration, to = 5.01ms. 
 
All blast load determinations for this research are conducted as described procedure in the 
sample calculations as above.  
3.8 Damage Evaluation, Residual Capacity and Damage Index  
Damage evaluation is carried out to identify the post blast performance of the RC framed 
building. Maximum and minimum principle stress plots are used to determine the yield and 
post yield conditions of the material to identify the level of damage to the RC structural 
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components. The effective undamaged cross-section areas of a column, after yielding of 
the materials, are used to determine the residual capacity. The damage index is calculated 
to establish a numerical value to identify the level of damage in the post event 
investigations.  
3.8.1 Damage Index 
 
A damage index numerically indicates the level of damage of a particular structure or a 
component (Kappos 1997; Sasani 2008; Shi et al. 2008). This is a valuable tool in 
evaluating the damage and design to resist disasters such as an earthquake or blast 
(Golafshani et al. 2005; Williams et al. 1997). However, limited numerical derivations 
identify damage indices when subjected to explosion loads, and most have focused on a 
single structural component investigation to calculate the indices (Sasani 2008; Shi et al. 
2008). Damage indices based on the residual capacity of the damaged structure may offer 
the most reliable estimate of damage. That is the remaining life of the structure after the 
blast event would depend on post blast residual capacity of the structural elements. 
Therefore, a global evaluation is necessary to predict the behaviour of the entire structure 
or its elements. In this investigation, the damage index is based on the residual load 
carrying capacity of the remaining structural component and is defined as; 
 
 
Eq. 3-41 
 
where Presidual is the residual load carrying capacity of the damaged RC frame (or element) 
and Poriginal is the normal carrying capacity of the undamaged RC frame (or element). Load 
carrying capacities of the columns and beams are measured before and after the explosion 
to calculate the damage indices of the beams and columns with respect to each blast load 
scenario. The cross sectional properties of the concrete elements are used to determine 
residual load capacities (Williams et al. 1997). Variations of the damage index are 
presented with respect to blast load scenarios. 
3.9 Parametric Study 
 
A parametric study is subsequently carried out to identify the influence of several 
parameters on the RF framed building and components with respect to blast loads. This 
original
residual
P
PDI 1
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research investigated the influence of blast load intensity on the damage of a RC building. 
Different occupancy levels are used to identify the live load influence on the particular 
columns such as the CSC column.  
3.10 Investigations of Design Methods for RC Columns 
 
Two design methods are investigated for RC columns to effectively maintain the post blast 
load resisting capacity to avoid catastrophic or progressive collapse of the structure. Their 
performance over the typical RC columns is evaluated with respect to different blast load 
scenarios. 
3.10.1 Investigation of the Performance of Multi-layer RF in RC Column 
 
 
If the concrete columns (or beams) are not retrofitted with any perimeter wrap, the blast 
pressure loads cause scabbing and spalling of the concrete. Therefore, blast damage to 
concrete cover and it results steel reinforcement disintegrates and then loss of concrete 
confinement. The steel reinforcement becomes ineffective and the concrete returns to an 
unconfined state. As a result, the load carrying capacity of the column is significantly 
reduced. An effective design and detailing method to retain the undamaged concrete in the 
column in its confined state is to place an additional RF cage inside the RC column. 
Therefore, the RC column has multi-layer reinforcement and undamaged concrete retains 
in confinement and the post blast loading carrying capacity then maintained than typical 
RC column. This may provide support to withstand the gravity loads and avoid 
catastrophic failure of the entire structure.  
3.10.2 Investigation of the Performance of a Composite column with Steel Core 
 
The effectiveness of placing of a central steel core in the RC column is evaluated and 
proposed as alternative design method to withstand post blast gravity loads. Since RC 
columns normally fail as a result of high shear developed at the base, the structural steel 
core will maintain the post blast load bearing capacity of the composite column. The 
composite action of steel and concrete will therefore examine to identify its performance 
compared to a typical RC column.   
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3.11 Chapter Summary 
 
This chapter presented the methodology used in this research and the theories of blast load 
predictions, FEM modelling and analysis involved. SAP2000 can be used for global 
analysis and LS DYNA can be for local analysis of RC buildings due to limitation in both 
compute codes such as hardware capacity, analysis time, and material properties. A 
combined analysis is therefore important for a comprehensive blast analysis of RC framed 
buildings. MAT72 CONCRETE DAMAGE REL3 material model is used to represent 
concrete while MAT03 PLASTIC KINEMATIC material model is used to represent steel in 
LS DYNA elasto-plastic analysis as they have shown excellent capability to include 
necessary material properties such as strain rate effect for the blast analysis. All theories 
and methods involved in material models and numerical analysis were briefly illustrated. 
Blast load parameters are determined using the charts in TM5-1300 1990 and sample 
calculations were illustrated the complete calculation procedure. The results of the study 
are presented in the following chapters stating model validation with the results from an 
experiment for RC building structure. 
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4 VALIDATION OF NON-LINEAR ELASTO-PLASTIC 
FINITE ELEMENT MODELLING 
 
4.1 Introduction 
Validating the numerical models developed in FE codes verifies the accuracy of the 
modelling approach and corresponding results. However, experiments involving explosives 
are not feasible due to safety issues and the high risks associated with them. Experiments 
and publications related to blast loads on structures are also rare or not published for 
security reasons. These investigations are conducted by the military or defence related 
authorities. In the absence of descriptive blast experimental results on RC frames available 
in the literature, a simple representation of a component, normally a column had to be 
selected for the non-linear model validation purposes in the present investigation. This 
representation was derived from an experiment carried out by Baylot and Woodson for 
quarter scale RC two storey framed building structure (Baylot et al. 1999; Woodson et al. 
1999). This chapter presents the development and validation of a finite element model of 
the quarter scale RC column evaluated in the experimental investigation. The important 
aspects to be validated were the material models used in the current non-linear 
investigation, the performances of the RC structural model under blast loads. This local 
investigation of a structural component used a second order non-linear analysis with 
explicit finite element code LS DYNA version 970. Geometric development of the model 
was carried out with pre-processor MSC Patran version 2008r1. LS DYNA modelling and 
visualisation of the analysis results was obtained using the pre /post-processor LS-
PREPOST version 2 3. LS DYNA Keyword and theoretical manuals were also referred to 
during the modelling process. The investigation identified that the numerical modelling 
and analysis with appropriate material models and blast load parameters in LS DYNA 
agreed well with the results from the experiment. Therefore, selected parameters and 
analysis procedure showed enough confidence in numerical modelling for blast load 
investigations. 
4.2 Experimental Test  
Baylot and Woodson conducted an investigation on a quarter scale RC two storey framed 
building structure subjected to near field blast loads. The study consisted of both 
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experimental and numerical approaches, and reports including modelling details of 
structural configurations and experimentally observed results at various locations of the 
RC models. The report includes all material parameters, dimensions of the structural 
components, blast parameters including charge weight and standoff distance, and blast 
response results including displacement time histories and deformed shapes. Baylot and 
Woodson have also carried out numerical model investigations with DYAN 3D code to 
predict the response of the exterior columns. Therefore, their investigation was selected to 
validate the present numerical modelling and non-linear structural analysis (Baylot et al. 
1999; Woodson et al. 1999). 
Experimental investigations comprised a series of five different two storey RC building 
models. However, the detailed study was confined to the exterior middle columns directly 
subjected to near field blast pressure. The present validation study selected experiment 
Number 02 of Baylot and Woodson investigations and evaluated the behaviour of its 
exterior middle column. Figure 4-1 shows the pre-experimental arrangement of the 3D RC 
quarter scale structural model for experiment Number 02 of Woodson et al. 1999. 
The quarter scale RC model width was 3.20m and the height was 1.53m. The cross section 
of the exterior column was 85mm x 85mm square with deformed D1 steel wire at 90mm 
cross ties of W 0.5. The model was 0.91m height with a longitudinal reinforcement 
arrangement of 8 deformed wires with 32.2mm2 cross section. The cover was 8.5mm. The 
cross section details and geometric configurations of the exterior column are given in 
Figure 4-2 (Baylot et al. 1999; Woodson et al. 1999). 
 
 
 
Figure 4-1: Experimental model developed by Woodson and Baylot, 1999  
 
 
 
Exterior column 
Charge weight 
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Figure 4-2: Cross sectional details and dimensions of the column (Baylot et al. 1999)  
 
The average unconfined concrete strength was 42.23MPa. The average density of the 
concrete was 2068kg/m3 and modulus of elasticity 28.7GPa. Steel wires with an average 
yield stress of 450MPa were used for both longitudinal and transverse reinforcement. 
Details of Baylot and Woodson’s experimental study are presented in the report 
“Structural Collapse: quarter –scale model experiments report” (Woodson et al. 1999). 
Figure 4-3 shows the isometric view of the exterior column after construction, ready to be 
subjected to blast load.  
The blast loads parameters for experiment Number 02 were generated using 7.087kg of 
explosive C4 positioned with a standoff distance of 1.07m from the exterior column and 
0.2286m above the ground as shown in Figure 4-1. Baylot and Woodson also developed a 
FEM model using DYNA 3D for a coupled analysis in addition to the experiments. 
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Figure 4-3: Exterior column before the blast experiment (Woodson et al. 1999) 
 
4.3 Finite Element Model for the Present Study 
This study developed an extensive 3D FE model of the corresponding column with the LS 
DYNA version 970 code. MSC PATRAN was used to create the geometrical model as a 
pre-processor. Boundary conditions and contact definitions were introduced to ensure 
symmetry conditions during the analysis. Symmetry of the structure enables the treatment 
of one half of this critical column along with the slabs on one side.  Figure 4-4 shows a 2D 
view and the isometric view of the developed model.  
The column was connected to the concrete slab at the first and second floors and was fixed 
at its base. A part of the slab was included in the model and horizontal movement was 
restricted at the end of the slab panels. Vertical movement was allowed at both slab panels. 
The mesh arrangement of the model along with the direction of the blast is shown in Figure 
4-5. The steel reinforcement and concrete were linked by shared nodes and they were 
assumed to be perfectly bonded without any slip (Weerheijm et al. 2008). 
 
Exterior 
Column 
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Figure 4-4: Numerical model developed for validation in the present study 
 
 
 
 
                   
                                         
Figure 4-5: Mesh arrangement and direction of blast load 
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Numerical investigation was conducted for the column under symmetrically exposed blast 
load. Reinforcement steel wires were modelled as two nodes Hughes-Liu line elements and 
concrete as three-dimensional hexagonal solid elements with eight nodes. Material model 
MAT72 REL3 was used for concrete, and Plastic Kinematic material was used for the 
reinforced steel. The non-linear properties of the MAT72 concrete material model were 
developed in LS DYNA itself for 42.23 MPa concrete with guidance given by Schwer 
2005. The single point integration was used for the analysis with an hourglass (HG) control 
type-5 (Flanagan-Belytschko stiffness form with the exact volume integration for solid 
elements) with an HG coefficient of 0.1 for the concrete elements. The detail illustration of 
these parameters was presented in chapter 3. The results generated in a FEM analysis were 
sensitive to the size of the elements and a convergence study identified 9mm size elements 
were suitable for both the solid concrete and line steel elements, in quarter scale numerical 
model. The conventional mesh generation for the cross section of the steel reinforcement 
was avoided due to computational inefficiency. However, mesh generation and analysis 
were performed without any hourglass problems during the running of the model. 
4.4 FEM Analysis with Blast Load 
The numerical model developed in LS DYNA for validation exposed to the similar blast 
load environment as in Baylot and Woodson’s Number 02 experiment. Blast loads on the 
column were determined in terms of peak pressure, arrival time and loading duration 
according to the charge weight of 7.087kg of explosive C4 posited 1.07m from the middle 
exterior column (1kg of explosive C4 is equivalent to 1.37Kg of TNT). Gravity load 
initialization was established prior to blast load by applying a gravitational pressure of 
2.1MPa to the top of the column as a ramp function of time, to represent the self weight of 
the frame above the column. Ramp loading was implemented to avoid high stress 
concentration at the loading zone at the top of the column. Calculated blast pressure loads 
were applied as a pressure-time history function on the front face of the column. 
Thereafter, a second order elasto-plastic analysis was performed with LS DYNA version 
970 for a total time of 100ms. Damage position and intensity were identified and 
compared. Figure 4-6 shows the effective plastic strain variation of the concrete in the 
numerical model at different stages of time following the blast. The colours in Figure 4-6 
denote the fringe level which represents the level of damage in the concrete. In Figure 4-6  
the blue colour represents a fringe level 0 (zero) which indicates linear elastic state of the 
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concrete while the other colours and the associated fringe levels represent different damage 
levels of the concrete. Fringe levels vary from 0 to 2 where level 2 indicates maximum 
plastic yielding of concrete. The definitions of the damage parameters and effective plastic 
strain fringe levels are discussed in chapter 3. 
Visual comparison of the damage of the column can be achieved with Baylot and 
Woodson’s numerical analysis results. Figure 4-7 (a) illustrates damage of the lower part 
of the column obtained by Baylot and Woodson. Figure 4-7 (b) shows the extent of 
damage identified in this study. The exterior column has been subjected to similar damage 
condition in both investigations.  
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(a) Before the blast                                      (b) At 2ms 
 
 
            
                      (c) At 5ms                                                 (d) At 10ms 
 
Figure 4-6: Strain diagrams at different stages of time  
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                                (a) Baylot and Woodson (b) Present study 
 
 
Figure 4-7: Comparison of damage in numerical models (Woodson et al. 1999) 
 
 
Lateral displacement variation with time at mid-height of the column was measured during 
the experiments. This displacement time history variation was therefore used for 
calibration of the results generated in the present study. Figure 4-8 shows the Baylot and 
Woodson results of the experiment and the numerical analysis. 
 
 
Figure 4-8: Mid-height horizontal displacement results of Baylot and Woodson (Woodson 
et al. 1999) 
 
Critical 
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The plotted curve No.1 in Figure 4-8 is the displacement results of Baylot and Woodson’s 
numerical analysis. Curve No. 2 illustrates the same variation measured during Baylot and 
Woodson’s experimental investigation. The mid-height residual displacement was 
measured at the end of the experiment and is plotted as curve No. 3 in Figure 4-8.  
Corresponding results were measured from the models developed in the current study.  
Figure 4-9 shows the selected node at the mid-height of the column and Figure 4-10 
illustrates selected node time-history variation of 100ms following the blast.  
 
 
Figure 4-9: Node selected at the mid-height of the column 
 
 
 
Figure 4-10: Mid-height displacement time history variation in the current study 
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Figure 4-11 compares the mid-height displacement time-history obtained in the different 
investigations. 
 
 
 
 
Figure 4-11: Displacement time history in different analysis 
 
The continuous solid line in Figure 4-11 illustrates the experimental time history variation 
after the blast approximately 30ms. The residual lateral displacement measured at the end 
of the experiment was 6.3mm as shown in Figure 4-11 by a horizontal line. Baylot and 
Woodson’s numerical analysis results are shown as a continues soft line, with the 
maximum displacement being 8mm. These numerical results do not compare very well 
with their experimental result probably because they used the earlier version of LS DYNA 
which also had earlier versions of the material models. The corresponding displacement 
time history variation obtained by the present study is illustrated by the heavy dashed line. 
The maximum lateral displacement measured by the experiment was approximately 
12.5mm.  It was 13mm in the present study which differs by only about 4%. However, the 
period of oscillation obtained in the present study differed to the experiment by 10ms. 
However, the residual deflection in the present study agrees well with that from the 
experiment. As seen from the Figure 4-11, it oscillates with respect to the experimental 
residual deflection and will coincide with it at the end. The present results are similar to 
those of Shi et al (2008) who also used a previous version of LS DYNA, but with bond slip 
conditions. This is also probably due to slightly different material models in earlier 
versions of LS DYNA. 
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Overall observations indicate that the results generated by the present study agree with 
those from Baylot and Woodson’s No 2 experiment, except for the oscillation period of the 
lateral displacement time history. However, as discussed above the results for the peak 
response and residual deflection compare well. As the present study deals with the 
evaluation of damage, the results provide confidence in this modelling approach. In 
addition, they provide sufficient confidence in the analysis and choice of the parameters 
chosen in the present study. The modelling approach and analysis was subsequently 
continued to carry out detailed investigations of the behaviour of the structural components 
of interest. 
4.5 Chapter Summary 
The two basic response parameters of deflection and damage were used in the validation 
process. The deviations of the numerical and experimental results were within a 10% 
range. Validation provides a reliable elato-plastic modelling and analysis approach of the 
RC structural elements subjected to blast loads. The results also confirm the validity of the 
parameters used, such as material models and methods of blast load application, single 
point integration, hourglass control parameters, for the detailed investigation of the RC 
buildings.  The next chapter presents the investigation of 2D RC frame subjected to near 
field blast loads.  
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5 INVESTIGATION OF BLAST DAMAGE PROPAGATION 
AND INFLUENCE ON 2-DIMENSIONAL RC FRAME 
 
5.1 Introduction 
The research project initially evaluated 2D multi-storey RC frames subjected to near field 
blast loads. This chapter presents the results of these 2D RC frames under different blast 
load conditions. The study identified the extent of damage and critical zone where blast 
pressure is directly applied. This information is important in assessing the vulnerability of 
a RC building following an external bomb explosion. The damage zone or vulnerable 
region is a critical factor in the post-disaster evacuation process to safely rescue the 
building occupants. The damage information also provides a measurement of the size of 
the affected region in the post-blast rehabilitation process, where the structure is partially 
damaged. 
This study identified the damage propagation and influence region via a series of case 
studies conducted for the portal moment resisting 2D RC frames. The investigation was 
limited to 2D reinforced concrete (RC) frames which represent a moment resisting portal 
frames of a multi-storey building. The worst case scenario was assumed in a 2D frame 
where no lateral supports were provided to the frame in the transverse direction. The 2D 
frames were designed to resist gravitational loads only. The investigation was successfully 
performed using LS DYNA with non-linear material parameters. Complete 2D RC portal 
frames consisting of seven storeys and six bays were selected for this study. The geometric 
modelling approach and blast load evaluation were similar to the previous methods 
presented in chapters 3 and 4.  
The analysis reported the influence of blast propagation as displacements and material 
yielding of the structural elements in the RC frame. However, the results indicate that the 
displacement based damage measurement criterion is unable to evaluate damage at the 
critical zone. The blast affected regions were identified and presented according to the 
selected blast load cases. Overall, the information generated in this study is vital in 
determining the vulnerability of multi-storey RC buildings to external explosion scenarios. 
However, the results of this study emphasised the necessity of 3D modelling approach to 
identify the true response of the RC framed buildings.  
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5.2 Modelling and Analysis Approach 
5.2.1 Model Development 
 
A seven (7) storey reinforced concrete portal frame with six (6) bays was selected as it 
limits the computational time and numerical model capacity with an adequate degree of 
accuracy. It represents a typical multi-storey RC frame of columns and beams designed to 
resist only gravitational loads. Three types of structural models were selected by changing 
the size of the columns and beams to include typical sizes of multi-storey buildings with 
different heights. These column sizes were selected as all of them can safely be used in 
seven storeys buildings and the vulnerable columns among them can also offer some blast 
resistance. 
Table 5-1 shows the characteristics of each type of model in terms of cross sectional 
properties and lengths of the structural components. 
 
Model 
Type 
Columns Beams 
  ccbb LILI //
Height, 
Lc  
(m) 
Depth 
(mm) 
Width 
(mm) 
Length, 
Lb 
(m) 
Depth 
(mm) 
Width 
 (mm) 
1 4.1 1000 1000 7 600 600 0.0759 
2 4.1 500 500 7 450 400 0.3415 
3 4.1 400 450 5.4 450 300 0.8107 
 
Table 5-1: Properties of the 2D models 
 
Figure 5-1 illustrates the selected types of 2D frames, column height and beam length, and 
direction of the blast. A non-dimensional parameter was defined to identify the stiffness 
effects of the structural components subjected to blast loads. This parameter, k is related to 
the cross sectional properties and the height or length of the columns or beams (flexural 
stiffness), and is defined as; 
 
 Eq. 5-1 
 
where Ib is the second moment area of the beam 
           Ic is the second moment area of the column 
 
 cc
bb
LI
LIk
/
/
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          Lb is the length of the beam 
          Lc is the height of the column. 
 
 
 
 
                             (a) type 1                         (b) type 2                                      (c) type 2 
 
Figure 5-1: 2D RC frame types 
 
Longitudinal reinforcement for the columns was 2% of the gross cross sectional area for 
each frame type. The beams contain 1.4% of the gross cross sectional area as reinforced 
steel.  Shear link with a bar diameter of 10mm were placed at 125mm spacing for beams 
and 150mm for columns according to typical construction provisions (AS3600 2009). 
Beam and column cross sectional details are shown in Figures 5-2 to 5-4 for each frame 
type. Material properties were assigned as 40MPa for concrete compressive strength, and 
500MPa and 300MPa for the yield strength of the longitudinal and transverse 
reinforcement steel, respectively. All columns were fixed at the foundation to prevent any 
translational or rotational movement at their base. 
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Line elements were used to represent reinforced steel and three-dimensional hexagonal 
solid elements with eight nodes were used for concrete. The MAT72 REL3 material model 
in LS DYNA was used for concrete and Plastic Kinematic material model was reinforced 
steel. Non-linear properties of the concrete were derived from LS DYNA for 40MPa 
concrete. Model development and structural analysis were performed similar to the 
methods discussed in chapters 3 and 4.  
 
                  
(a) Beam                                   (b) Column 
 
Figure 5-2: Cross-sectional details of frame type 1  
 
 
                           
(a) Beam                                   (b) Column 
 
Figure 5-3: Cross-sectional details of frame type 2  
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    (a) Beam                                  (b) Column 
 
Figure 5-4: Cross-sectional details of frame type 3   
5.3 Blast Load Cases 
The blast load scenarios selected are shown in Table 5-2. The standoff distance was 10m 
for this study and however, results were evaluated by scaled distance. Six blast load cases 
were selected by changing the charge weight from 100kg to 600kg of TNT equivalent. The 
corresponding scaled distance, Z was calculated and is presented in the Table 5-2 and used 
to recognize the blast performance created by any charge weight with any standoff 
distance. The scaled distance, Z is calculated from the charge weight, W and standoff 
distance, d as; 
 
 Eq. 5-2 
 
 
 
Blast Load Case Charge weight, W 
TNT equivalent (kg) 
Standoff distance, d 
(m) 
 
Scaled distance, Z 
(m/kg1/3) 
 
1 100 10 2.154435 
2 200 10 1.709976 
3 300 10 1.493802 
4 400 10 1.357209 
5 500 10 1.259921 
6 600 10 1.185631 
 
Table 5-2: Selected blast load cases 
 
300mm 
450mm 
400mm 
400mm 
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dZ 
PhD Thesis 
 
 
83
The damage zone is identified with respect to the scaled distance and the height of the 
building. Blast pressure variations with the floor numbers for each load case are shown in 
Figure 5-5 
 
 
 Figure 5-5: Blast pressure variation with the floor 
 
The blast impulse is an important parameter to evaluate the damage in a structure, and its 
variation along the height of the building frame is shown in Figure 5-6, in terms of the 
floor number. The blast impulse, I is defined as;  
 
 Eq. 5-3 
 
where P is the peak blast over pressure  
           to  is the duration of the positive phase 
 
oPtI 2
1
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Figure 5-6: Blast impulse variation the floor number 
5.4 Analysis and Results  
The gravity load initialization was carried out before applying blast loads to the 2D frame 
structural models. The initial gravity load applied on the model was 25% of the ground 
column capacity in the serviceability state (Shi et al. 2008). This load ratio is usually 
loaded on the building at normal operation conditions. A non-linear second order elasto-
plastic analysis was conducted using LS DYNA for the frame models under the selected 
blast load cases, as shown in Table 5-2. The blast analysis cases (BAC) are defined with 
respect to the model type and blast load cases, as shown in Table 5-3. 
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Blast Analysis Case (BAC) Model frame type Blast load case 
T1B1 1 1 
T1B2 1 2 
T1B3 1 3 
T1B4 1 4 
T1B5 1 5 
T1B6 1 6 
T2B1 2 1 
T2B2 2 2 
T2B3 2 3 
T2B4 2 4 
T2B5 2 5 
T2B6 2 6 
T3B1 3 1 
T3B2 3 2 
T3B3 3 3 
T3B4 3 4 
T3B5 3 5 
T3B6 3 6 
 
Table 5-3: Blast analysis cases 
 
5.4.1 Blast Response and Damage Propagation  
 
The blast influence and damage propagation in the 2D RC frames were studied for all 
defined Blast Analysis Cases as illustrated in Table 5-3. The structural response of the 
building is usually assessed using the inter-storey drift in earthquake engineering (Sindel et 
al. 1996). However, the results of 2D RC frames showed that the high impulse blasts 
caused local damage to the structural components prior to significant global deformation in 
the entire structure. Therefore, this method cannot be directly used to evaluate the exact 
level of damage to the RC framed building subjected to near field blast loads. However, 
this study examines the damage propagation analysis in the RC frame, lateral deformations 
at the critical zone, which are reasonably useful to assess the blast influence. 
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As the blast pressure and associated impulse govern the structural response and damage to 
the structure, the structural response is evaluated in terms of the pressure and the impulse 
at the mid height of the ground column which is directly exposed to the blast pressure. 
Table 5-4 shows the pressure, P and calculated impulse, I for each case defined in Table 5-
3.  
 Blast Analysis Case (BAC) Pressure, P 
(kPa) 
Impulse, I 
(kPams) 
T1B1 781 1500 
T1B2 1591 2507 
T1B3 2420 3400 
T1B4 3231 4217 
T1B5 4002 5003 
T1B6 4768 5769 
T2B1 781 1500 
T2B2 1591 2507 
T2B3 2420 3400 
T2B4 3231 4217 
T2B5 4002 5003 
T2B6 4768 5769 
T3B1 781 1500 
T3B2 1591 2507 
T3B3 2420 3400 
T3B4 3231 4217 
T3B5 4002 5003 
T3B6 4768 5769 
 
   
 Table 5-4: Pressure, P and impulse, I at mid-height of the ground column  
 
 
The blast response for the 2D RC frames is illustrated for all analysis cases below in detail. 
The effective plastic diagrams are used to illustrate the blast damage with fringe levels. 
The fringe levels vary from 0 to 2 where level 2 indicates maximum plastic yielding of 
concrete. The linear elastic state of the concrete is shown in blue colour with fringe level 0. 
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The definitions of the damage parameters and effective plastic strain fringe levels are 
discussed in chapter 3 
5.4.1.1 Blast Analysis Case-T1B1  
 
The results of analysis case T1B1 indicated that the RC frame experienced minor damage 
to the concrete at the lower part of the ground column. The remaining part of the frame 
was in an undamaged state and damage propagation did not occur beyond the ground 
column. The structure is completely safe. Minor repair is needed for the lower part of the 
ground column for further use in building, in post blast rehabilitation.  
5.4.1.2 Blast Analysis Case-T1B2  
 
The RC frame experienced similar damage as in Case T1B1. The damage did not spread 
beyond the ground column. The entire structure and its components behaved completely in 
an elastic state and global stability was restored soon after the blast pressure disappeared 
on the frame.   
5.4.1.3 Blast Analysis Case-T1B3 
 
Figure 5-7 shows the effective plastic strain diagram of the lower part of the RC frame, 
where the state of the damage to concrete in terms of a fringe level is defined from 0 to 2. 
The ground column directly exposed to the blast was subjected to minor damage at the 
bottom of the column and there was no column damage. The beams at lower levels up to 
three storeys experienced minor to moderate damage at their ends and at their mid-span. 
Other beams showed minor cracks at plastic hinge regions at their ends. The maximum 
displacement measured at the top of the frame was 6mm. A critical zone did not develop 
following the explosion and there is no indication of structural catastrophic failure. 
5.4.1.4 Blast Analysis Case-T1B4 
 
The concrete effective plastic strain diagram of the frame following the blast analysis case 
T1B4 is shown in Figure 5-8. The significantly damaged area of the frame is extracted to 
illustrate the damaged zone for easy reference and presented. The ground column 
experienced minor damage to concrete at its lower part. The beams up to four levels in the 
first bay were extensively damaged compared to other beams which suffered minor 
damage at both their ends, and is similar to the previous case, T1B3.    
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Figure 5-7: Damage for analysis case T1B3 
 
 
 
 
Figure 5-8: Damage for analysis case T1B4 
 
The displacements at each floor were recorded and the maximum displacement of 8mm 
occurred at the top floor of the RC frame. The entire frame is safe and there is no sign of 
collapse or propagation of damage. 
5.4.1.5 Blast Analysis Case -T1B5 
 
The frame experienced significant beam damage at the first four floor in the first bay and 
minor damage in adjacent beams in the next bay. The corresponding concrete strain 
diagram is illustrated in Figure 5-9. The ground column experienced significant damage at 
its mid height and lower part. The blast damage propagated into the second and third bays 
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along the blast direction causing minor damage at the beams. However, lateral floor 
displacements or inter-storey drifts were negligible. This implies the lower part of the 
frame was subjected to notable damage causing shear cracks without showing significant 
lateral deformations.  
5.4.1.6 Blast Analysis Case -T1B6 
 
Figure 5-10 shows concrete damage extended at the lower region of the RC frame for the 
BAC-T1B6 analysis. The concrete of the ground column was subjected to critical damage. 
However, the steel reinforcement remained undamaged. The blast pressure also influenced 
to the upper column at the second floor. The first three floor beams in the first bay were 
severely damaged. The damage influence region spared the four floors and three bays 
along the blast direction.   
5.4.1.7 Blast Analysis Cases -T2B1 and T2B2 
 
The next analysis was conducted for 2D RC frame type 2. The frame experienced minor 
damage to concrete for blast analysis cases, T2B1 and T2B2. There was no notable damage 
to the beams or columns except minor cracks in the concrete at the bottom of the column 
and both ends of the beams adjacent to the explosion. The structure remained in 
completely elastic state. 
 
 
 
Figure 5-9: Damage by BAC-T1B5 
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Figure 5-10: Damage by analysis case-T1B6 
 
 
 
 
 
Figure 5-11: Damage by BAC-T2B3 
 
5.4.1.8 Blast Analysis Case -T2B3 
 
The damage propagation over the RC frame as the result of analysis case-T2B3 is shown in 
Figure 5-11. Both beams and the ground column adjacent to the detonation suffered 
reasonable damage. The ground column was subjected to combined shear and flexure 
failure damage which could not be observed in frame type 1 at any loading case. The 
significant damage occurred to the beams compared to the columns. However, lateral 
Influence 
region 
Influence 
region 
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displacement of each floor was less than 10mm. Reinforcement remained in the elastic 
state. The frame was stable without any progressive or catastrophic failure.  
5.4.1.9 Blast Analysis Case -T2B4 
 
The corresponding strain diagram for the blast analysis case-T2B4 is shown in Figure 5-12. 
The critically damaged zone near the explosion was captured from the entire frame for 
detailed illustration. The level of damage was similar to T2B3 except for the ground 
column which was critically damaged. The influenced region was identified as shown in 
Figure 5-12 by a dotted line. 
 
 
 
Figure 5-12: Damage by BAC-T2B4 
 
5.4.1.10 Blast Analysis Case -T2B5 
 
Figure 5-13 illustrates the strain diagram of the frame for analysis case-T2B5. Similar 
damage was observed in the beams and columns as identified in the previous case-T2B4. 
The ground column exposed to the direct blast pressure suffered severe damage at its lower 
part, and hence it was not completely damaged and was able to withstand the gravity load 
to avoid catastrophic failure of the entire frame. The identified influence is separated by a 
dotted line in Figure 5-13. 
Influence 
region 
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Figure 5-13: Damage by BAC-T2B5 
 
5.4.1.11 Blast Analysis Case -T2B6 
 
The 2D frame in analysis case-T2B6 was subjected to critically damaged and resulted in a 
progressive collapse. The step by step blast performance of the entire frame with time was 
illustrated in Figure 5-14 for selected time instant following the blast.  
 
    
 
                             (a) after 6ms (b) after 15ms 
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region 
PhD Thesis 
 
 
93
            
 
 (c) after 25ms (d) after 50ms 
  
 
           
 
(e) after 70ms                     (f) after 100ms 
  
 
Figure 5-14: Damage propagation with time for analysis case-T2B6 
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The ground column was subjected to complete failure within 50ms after the blast pressure 
was applied, losing its axial load carrying capacity. The concrete damage at column 
perimeter resulted in disintegration of concrete and the steel reinforcement. The steel cage 
was damaged and lost its integrity with the concrete losing its ability to withstand failure. 
Catastrophic failure of the ground column initiated the progressive collapse of the frame. 
The beams at the first bay were unable to transfer the gravity loads to other columns due to 
the initial shear failure following the blast.  Therefore, influence region extends to the 
entire first bay together with three floors in the second bay of the frame. The time taken to 
complete the blast effects was 100ms and therefore the collapse can be categorised as a 
catastrophic failure. 
The overall results indicate that the blast influence and damage is propagated not only blast 
pressure but also the failure of structural components.  If the damage bay is allowed to 
collapse without affecting the remaining structure, the blast influence does not propagate 
into the entire frame. Therefore, identification of blast influence region helps to design a 
structure to avoid progressive collapse. This can be achieved by the isolation design for the 
sets of structural components. The sets are allowed to response independently during the 
progressive collapse to maintain lateral stability.      
5.4.1.12 Blast Analysis Case -T3B1 
 
The analysis series was next conducted for the 2D frame type 3. Figure 5-15 shows the 
blast response of the frame for analysis case T3B1. The frame performed completely 
elastically. The beams at the first and second floor suffered minor cracks at both ends and 
the middle. 
5.4.1.13 Blast Analysis Case -T3B2 
 
The damage following the analysis case T3B2 is shown in Figure 5-16. The ground 
column concrete tended to yield at the lower part and at mid-height undergoing a combined 
shear and flexural failure. Beams on the first and second floors, adjacent to the explosion 
experienced critical damage. However, the entire frame remained in a stable condition 
without any collapse of the structure. 
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Figure 5-15: Damage by BAC-T3B1 
 
 
 
 
Figure 5-16: Damage by BAC-T3B2 
 
5.4.1.14 Blast Analysis Case -T3B3 
 
Figure 5-17 illustrates the post blast state at the analysis case T3B3. The ground column 
was subjected to critical damage by the combination of shear and bending failure. The 
blast affected the second floor column resulting in minor cracks at mid-height. The first 
floor beams were critically damaged up to 4th bay along the blast direction. Beams in the 
first bay experienced yielding up to 5 floors. However, the entire frame remained stable. 
There was no indication of collapse of the entire frame under applied gravity load 
conditions. 
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Figure 5-17: Damage by BAC-T3B3 
 
5.4.1.15 Blast Analysis Case -T3B4 
 
The type 3 2D frame received critical damage conditions at blast analysis case T3B4. The 
ground column experienced critical damage yielding both concrete and steel 
reinforcement. Damage propagation along the blast horizontal direction was similar to the 
previous case T3B3. All beams in the first bay underwent to significant damage. The blast 
influenced the entire height of the building frame due to the failure and permanent vertical 
deformation of the ground column. Columns up to the 3rd floor were damaged from the 
direct blast pressure. This study indentified that the direct blast pressure influenced up to 
the 3rd floor requiring retrofitting of the structure for columns up to this floor. The frame 
was subjected to permanent vertical deformation of 10mm along the front face. 
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Figure 5-18: Damage by BAC-T3B4 
 
 
The frame was capable of withstanding the applied gravity loads and no sign of 
progressive collapse occurred. However, the majority of beams in the influence region 
cannot be used for resisting lateral forces and have to be demolished for renovation of the 
building. 
5.4.1.16 Blast Analysis Case -T3B5 
 
The type 3 frame was subjected to progressive collapse for analysis case T3B5. The frame 
behaviour and damage propagation with time after the blast load was applied is illustrated 
in Figure 5-19.  
 
              
  
(a) after 3ms                    (b) after 6ms 
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(c) after 10ms    (d) after 12ms 
 
 
                       
 
 (e) after 18ms (f) after 30ms 
 
 Figure 5-19: Damage propagation with time for analysis case-T3B5 
 
5.4.1.17 Blast Analysis Case -T3B6 
 
Damage to the frame type 3 for the analysis case T3B6 was similar to T3B6. The frame 
near blast proximity underwent to progressive collapse within 50ms of time. The failure of 
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the ground column can be identified as a catastrophic failure that initiated progressive 
collapse. Damage propagation due to direct pressure effects along the blast direction was 
similar to the results for T3B5. The horizontal damage was confined to the limited bays 
and the extended damage was due to the progressive collapse in the sub consequence 
gravity loads.  
 
5.5 Discussion  
The overall results indicate that the damage or critical zone was confined to a limited 
number of storeys and bays to the explosion proximity. The damage zone will further be 
limited if there is a lateral support provided in transverse direction (perpendicular to the 
blast) to the frame at beam-column joints.  
If the blast pressure transfers through the opening to the building, the structural 
components inside will undergo a complex damage scenario. Blast influence does not 
propagate vertically along the height of the building provided the lower part and the key 
structural elements have adequate capacity to resist gravitational loads in post blast 
serviceability state.  
Damage conditions of the beams and columns identified that the steel reinforcement 
remained in the elastic state for most analysis cases and did not contribute to progressive 
collapse. The concrete disintegrated and lost its bond with the reinforcement in most cases. 
Therefore, the steel cage was not able to provide enough confinement to the concrete 
following the cover damage. Reinforcement failure was identified by the fracture in the 
shear links in the ground column due to direct blast pressure and led to loss the column 
load carrying capacity. The column damage was due to combined effects of shear and 
flexural failure in critical analysis cases. 
Beams on the exposed side of the frame try to perform in cantilever due to lack of adequate 
lateral support and either redundant or alternate load paths for a 2D frame in this study. If 
the lateral support is available in the transverse direction to redistribute gravity loads, beam 
failure at the first bay can be limited and the damage propagation can be prevented, thereby 
avoiding progressive collapse of the entire frame. Therefore, 3D modelling and analysis is 
the appropriate methods to investigate blast response of a RC framed building.  However, 
2D study provided basic guidance to identify the damage zone and its propagation.  
The parameter, k defined to correlate the stiffness of the beams, columns and lengths, is 
important to identify failure mode. Columns and beams with large k values result in a form 
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of combined failure modes in the column while the small values tend to direct shear 
failure. Therefore, identification of the value, k is important in designing beams and 
columns in a blast influence region of vulnerable buildings. Figure 5-20 shows the 
relationship between the k, and scaled distance with respect to catastrophic collapse of the 
frames. 
The graph in Figure 5-20 indicates that the higher k values cannot resist high intensity blast 
load scenarios compared to less k values. Type 3 2D frame with a k factor as 0.8, cannot 
resist blast load scenarios created by a scaled distance of less than 1.31mkg-(1/3) provided 
there is no lateral restrain in the transverse direction. Type 2 frame can withstand any blast 
load conditions generated by scaled distance more of than 1.12mkg-(1/3). However, the 
damage level and the affected areas are important in partially damaged conditions. 
 
. 
Figure 5-20: Progressive collapse initiation with k and scaled distance  
 
5.6 Chapter Summary  
 
This chapter presented the blast influence and damage propagation in a 2D frame subjected 
to near field blast events. Three types of 2D frames with different column and beam sizes 
were used to investigate the blast influence along the height of a building and the direction 
of wave propagation using FEM code LS DYNA 970. Displacement in vertical and 
horizontal directions and stress /strain propagation were selected as response parameters in 
the analysis. However, the displacement based damage criteria did not indicate the actual 
damage conditions at the critical zone except the progressive collapse circumstances. 
PhD Thesis 
 
 
101
Therefore, displacement based damage measurement is not recommended to identify the 
damage to localized critical zone affected by near field explosion. Concrete and steel 
reinforcement yielding can be effectively used as a successful parameter. The blast damage 
zone is confined to a limited area comprising three (3) storeys and three (3) bays based on 
the overall results of this 2D study. 
The investigation confirmed that direct blast pressure has an adverse impact mainly on the 
lower storeys of a building which is proportionate with the charge weight and standoff 
distance of the external blast event. Structural analysis of a multi-storey building subjected 
to blast load can be carried out by limiting the size of the model to the affected zone 
comprising a limited number of levels with appropriate boundary conditions to preserve 
the accuracy of the analysis and time consumed. Loads from the building’s upper levels 
can be applied as vertical loads on the selected portion during the analysis. Therefore, the 
inference is that three-dimensional investigations are necessary to identify the true 
response of a building frame by accounting for all mechanisms and load paths. However, 
the direct blast effected region and the possibility of initiating progressive failure can be 
indentified using 2D analytical techniques as employed in this investigation to identify 
failure mechanisms and provide useful information for mitigating blast load impact. 
Therefore, the study is continued for the 3D complete model and then a 3D sub frame 
extracted from global model to identify the overall blast response globally and locally.    
The next chapter presents the comprehensive investigation of a 3D complete building 
subjected to near field blast loads. 
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6 RESPONSE AND DAMAGE ANALYSIS OF RC FRAMED 
BUILDING SUBJECTED TO NEAR FIELD BLAST LOAD 
 
6.1 Introduction 
 
This chapter presents the analytical approach to carry out a comprehensive blast load 
investigation on 3D RC framed multi-storey buildings. The investigation in chapter 5 has 
pointed out the necessity of 3D analysis for RC framed buildings to identify the true 
response when subjected to near field blast loads. Therefore, this analysis is carried out for 
3D framed building models. Firstly, a global structural performance analysis of complete 
framing system of the building is presented. This is followed by a local analysis for an 
extracted sub frame to identify the localized behaviour of the load bearing key structural 
components. Key elements are defined as structural components that cause the collapse of 
more than a limited portion of a structure within close proximity of them. The overall 
investigation was aimed to identify the potential to cause a catastrophic and progressive 
collapse of the entire building structure when subjected to blast pressure induced by a 
known charge weight. With that purpose, a numerical investigation was conducted using, 
SAP2000 and LS DYNA. A ten (10) storey RC framed building was selected for this 
analysis as it represents typical multi-storey construction. The global 3D structural model 
comprises all beams, columns, slabs, and the shear core. A linear time history analysis was 
conducted for the global frame subjected to near field blast loads. The critical zone which 
is highly vulnerable to applied blast load was identified through the global linear analysis. 
The local analysis was then conducted with LS DYNA to study the localized behaviour of 
the key structural components of the building’s critical zone. This identified the potential 
cause of the catastrophic and progressive collapse of the entire building. 
The results of the SAP2000 global analysis are presented early in this chapter. Global 
structural investigation was conducted assuming perfectly elastic material behaviour of the 
structural components. The study was further extended with pseudo-plastic analysis 
incorporating DIF for the key structural components at the critical zone located at the 
lower part of the building. All response results are evaluated to determine damage potential 
of the key elements. Damage index that represents the level of damage is derived based on 
the residual capacity in post blast conditions for the partially damaged columns. The 
residual capacity is evaluated by a study for undamaged concrete amount, remaining 
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throughout the height of the partially damaged column. The conclusions of the overall 
analysis are presented at the end of the chapter.  
6.2 Modelling and Analysis of RC Framed Building 
6.2.1 Details of the Selected Building 
 
A ten (10) storey RC framed building was selected for this study as it represents a typical 
multi-storey building constructed near CBD. The building has five and four bays in the 
longitudinal and transverse directions respectively. The plan and isometric view of this 
building is shown in Figure 6-1, indicating the direction of the blast load. 
     
(a) Base layout 
    
(b) Isometric view of the building 
  
Figure 6-1: Multi-storey building selected for the study 
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The bay lengths of this building are 7m in longitudinal and 8m in transverse directions. 
The direction of the blast shock waves is in the longitudinal direction.  The building has 
been designed to resist gravity loads and wind loads. The floor to floor storey height of 
each level is 4m except the ground floor which is 4.7m. There is a shear core that resists 
lateral loads in the middle of the building as shown in Figure 6-1. Square columns sized 
1000mm x 1000mm with 2% longitudinal reinforcement are positioned as shown on the 
base layout in Figure 6-1 (a). The dimensions of the beams in the longitudinal direction are 
depth D = 600mm and width W = 600mm. Transverse beams have the dimensions D = 800 
mm and W = 600mm cross section. Both have 1.3% longitudinal reinforcement. Cross 
sections of beams and the column together with the reinforcement details are shown in 
Figures 6-2 (a) and (b) respectively. Shear reinforcements are within 150mm for both 
beams and columns. The size of the walls in the shear core is 250mm while the slab 
thickness of the floor is 200mm. The unconfined compressive strength of concrete is 
48MPa while reinforced steel has the yield strength of 500MPa and 350MPa for 
longitudinal and shear reinforcements, respectively.  
 
                          
(a) Beam                                      (b) Column 
 
Figure 6-2: Cross section details  
 
6.2.2 Global Structural Analysis  
6.2.2.1 Modelling with SAP2000 
 
The complete three-dimensional (3D) lateral load resisting frame was modelled in 
SAP2000 for the global analysis. Beams and columns are frame type elements and the 
shear walls and slabs are shell type. Columns at the base are assumed to be fixed. 
The reliability of the SAP2000 program for linear analysis has been well established in 
many studies in the literature (Inel et al. 2006; SAP 2000 user manual 2004; Siddiqui et al. 
1000mm 
1000mm
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2007). Due to the unavailability of experimental results for the global analysis and the 
difficulty of performing blast load experiments on complete building structures, the global 
modelling is unfortunately not able to validate with an experimental testing. 
6.2.2.2 Analytical Approach 
 
A first order linear elastic uncoupled time history analysis of the complete building frame 
with gravity and blast loads was carried out for the model developed. The main purpose of 
this linear analysis is to identify the critical parameters which influence the interaction of 
the key elements in the lower part with the rest of the building frame. The blast loads were 
applied as a single load case to the all parts of the structure to investigate global response. 
Although the response from the analysis is linear elastic, it enables identification of the 
regions of plastic behaviour in the framing elements (column and beam). Thereafter, a 
technique similar to seismic analysis is adopted to simulate post yield elasto-plastic 
behaviour of the component materials in the elements of the structural frame likely to form 
of plastic hinges. This is achieved by “softening” or reducing the elastic stiffness of the 
elements that are likely to form plastic hinges with “stiffness modifiers” in the SAP2000 
model in order to limit their elastic response to the plastic moment capacity. The structural 
frame is reanalysed with the modified stiffness to determine the interactive effects of 
simulated plastic “softening” of the components which show yielding. 
This technique provides an opportunity to investigate the impact of parametric variations 
due to rapid strain rate effects of the materials. This will also enable identification of the 
impact of the plastic behaviour of the elements at critical zone to the entire structural 
framing system. In addition, the formation of stable plastic hinge mechanisms in the 
elements at the critical zone reduces the shear loads at the top of the frames (Inel et al. 
2006). Therefore, the SAP2000 model of the entire building structure was extensively used 
to simulate global and interactive effects. Pseudo plastic behaviour was simulated using 
variable parameters for stiffness and strain rate effects through the dynamic increase 
factors (DIF). 
Blast loads applied to the framing members on the front face were based on the exposed 
structural area of structural elements and the assumption that all walls and cladding 
elements are frangible and therefore incapable of transferring any loads acting on them to 
the framing components of the structure. 
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The SAP2000 linear time history analysis was refined through an iterative process and 
finalised for two distinct sets of stiffness parameters for the key elements in the critical 
zone.  These were used to simulate perfectly elastic and pseudo plastic behaviour.  
 
6.2.2.3 Blast Load Calculations 
 
 
Blast load parameters for the present study were generated by a bomb equivalent to 500 kg 
of TNT which can be carried to a building by a car or small truck, sited at a distance of 5m 
and being one meter above ground level. As the uncoupled method was used in this study, 
empirical equations developed by Kingery et al. 1984 and charts provided by TM5-1300 
1990, were used to establish the blast load parameters. Air pressure dominants, critical 
damage to the building, and ground borne shock resulting from the bomb blast and its 
transmission to the foundations of the building, have not been investigated (Horoschun 
2007). The design blast pressure variation at the face of the building is shown graphically 
in Figure 6-3 with the distance from the origin, R following the 500 kg TNT bomb 
explosion. The R is defined as the distance from the blast origin and the point of target as 
shown in Figure 3-9 in chapter 3.  Calculation of the blast load was detailed in chapter 4. 
 
 
 
 
 
Figure 6-3: Blast pressure variation over the length, R 
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6.2.2.4 Structural Analysis and Results 
 
Gravity load initialization in a structure is important, though its value is small compared 
with blast load intensity. Therefore, this normal gravitational load is incorporated in the 
analysis. The amount of gravity loads to be applied to the structure was obtained by an 
iterative process in order that maximum concrete stress due to factored design loads does 
not exceed the 25% of the serviceability stress of concrete (fc’) (Shi et al. 2008).  
Structural analysis started with a global model study for the complete structure to identify 
the mode shapes and their natural periods of vibrations (T). Table 6-1 shows values of T 
for the first three (3) modes of the whole building structure. Mode 1 is the translational 
mode in blast direction while mode 2 is the rotational mode. Mode 3 is the translational 
mode in the direction perpendicular to the blast. 
Duration of the blast load, to and the natural frequency of the structure, ω were used to 
calculate the blast effects on the entire structure through the parameter ωto. This expression 
was defined in chapter 2 in detail. However, the calculated ωto values for all modes in table 
6-1 were less than 0.4. Therefore, structural elements are prone to damage with high 
impulsive blast pressure. This implies that the blast loads applied to this structure are in the 
impulsive loading regime (TM5-1300 1990).  
 
 
Mode T (seconds) 
1 1.266956 
2 0.96558 
3 0.94283 
 
 
Table 6-1: Vibration Modes and natural frequency of the global structure 
 
 
The blast load investigation was then performed for the structure. Blast load segments with 
different arrival time and duration were applied to the each frame element on the front face 
as time history functions. The arrival time and load duration varied from 1.63 to 30ms and 
1.08 to 13ms respectively for radial distances varying between 5m and 41.6m. The 
structural response to the blast load time history application was analysed over 3000 steps 
of one (1) millisecond time durations using the Hilber-Hughes-Taylor-Alpha numerical 
integration method in SAP2000 (Hilber et al. 1997). 
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The analysis indicates that lateral deflections of the beam-column joints at floor levels 
were negligible as these were a few millimetres. This is because the entire RC frame 
provides adequate lateral stability to the structural components. Figure 6-4 shows the 
lateral displacement of the first four storeys over time. 
 
 
 
Figure 6-4: Lateral displacement of floors-1 to 4  
 
 
Although the lateral displacement of the column-beam joints is small, the structural 
components at the critical region have gained significant amount of forces and moments 
due to the blast pressure. Figures 6-5 (a) and 6-5 (b) show the bending moment diagrams 
of the column and beam elements at 10ms after the blast, respectively. Figure 6-6 presents 
the corresponding shear force diagram for the same elements at 10ms after the blast. 
 
      
  (a) Columns’ BM with respect to major axis      (b) Beams’ BM with respect to minor axis 
 
Figure 6-5: Bending moment (BM) diagrams at 10ms following the blast 
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   (a) Columns’ SF with respect to major axis      (b) Beams’ SF with respect to minor axis 
  
Figure 6-6: Shear force (SF) diagrams at 10ms following the blast 
 
 
Figures 6-6 (a) and 6-6 (b) show an abnormal loading condition on the elements. 
Therefore, limited components close to the explosion were selected as the critical region of 
the building for detailed analysis. Columns are highly vulnerable load bearing key 
elements that cause catastrophic or progressive failure of the entire buildings. Therefore, 
vulnerable columns at the critical region needed to be identified. The columns to be 
investigated during this study are outlined in Figure 6-7. 
 
 
 
 
Figure 6-7: Elements notation at critical region 
 
 
Column C1 is the middle column with the minimum standoff distance. Column C5 is on 
the C1 and both were investigated independently. Design forces and the moments of the 
selected columns were obtained from the linear elastic analysis. These are tabulated in the 
 
C1 
C3 C2 
C2
C5 
C4 
C4 
C6 C7 
C7 
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Table 6-2 as axial loads, shear forces and bending moments. Behaviour of these selected 
columns was next studied with respect to shear capacities and flexural capacities calculated 
with cross section and material properties. The axial and moment capacity of the columns 
were obtain by cross section analysis with moment interaction diagram (MID). The 
columns are short and the MID is shown in Figure 6-8. The moment magnification due to 
p-Δ effects was ignored in the analysis, as the lateral deflections of the elements were 
negligible. The strain rate effects were also incorporated in developing MID and Figure 6-8 
shows the additional MID when DIF is 1.5 and 2.0. Blast load creates strain rates in RC 
structure in the range of 10s-1-1000s-1 according to Malvar’s studies. It will result the 
increasing of strength more than 50% for reinforcing steel, more than 2 for concrete 
compression and more than 6 for concrete tension (Malvar et al. 1998). In this global linear 
analysis, a single value for DIF has to be assumed to represent both concrete compression 
and steel due to the software limitation in the SAP2000 program to represent strain rate 
effects. Reasonable DIF was therefore selected for RC framed in the range 1.5 to 2.0 as the 
lower limit and upper limits respectively for this investigation. DIF is 1 for normal static 
loading conditions. 
 
 
 
 
 
Figure 6-8: Moment interaction diagram  
 
Shear capacity, Vr of the concrete column was determined using the equation (Tsai et al. 
2008); 
             
Eq. 6-1                        
s
dfA
A
NfbdV yhsh
c
cr 


  07.01182.0
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where b and d are section width, and effective depth, respectively. fc and N are unconfined 
concrete compressive strength and, axial load on the section, respectively. Similarly, Ac is 
the concrete area while Ash, fyh, and s are the area, yield strength, and spacing of shear 
reinforcement, respectively. Table 6-2 evaluates of the design load and capacity for both 
shear and bending effects for the selected columns.  
Table 6-2 clearly indicates that the columns C1 and C5 are completely damaged as demand 
capacity ratios exceed more than 2 in both shear and bending. Column C3 and C6 have 
already reached their maximum levels in bending. However, these capacities were obtained 
without incorporating strength enhancement of the material due to strain rate effects. 
Therefore, the capacity analysis of columns was continued with the DIF of 1.5 and 2 to 
identify the behaviour if the strain rate effects would enhance the strength of the structural 
components. Tables 6-3 and 6-4 illustrate vulnerability assessment for the selected column 
together with the DIF values. 
 
 
Column Axial 
force 
( kN) 
Shear 
force 
( kN) 
Bending 
moment 
(kNm) 
Shear 
capacity 
(kN) 
Demand 
/capacity 
Ratio 
(Shear) 
Moment 
capacity 
(kNm) 
Demand 
/capacity 
Ratio 
(Moment) 
C1 10687 6612 33105 2230 2.965 6052 8.559 
C2 10273 632 1550 2195 0.288 5981 0.399 
C3 10067 958 4509 2177 0.440 5941 1.158 
C4 9818 298 1793 2156 0.138 5892 0.459 
C5 10571 6475 21373 2220 2.917 6032 5.523 
C6 9832 1723 4518 2157 0.799 5895 1.157 
C7 10214 722 2515 2190 0.330 5970 0.648 
 
 
Table 6-2: Design loads vs. capacities 
 
 
Tables 6-3 and 6-4, identify that the columns C1 and C5 definitely exceed the yield stress 
and will form plastic hinges at critical locations when subjected to the applied blast load. 
However, columns C3 and C6 may be in a partially damaged state as strain rate effects 
could have increased their bending and shear capacity.  
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Column 
Axial 
load 
( kN) 
Bending 
moment 
(kNm) 
DIF=1.5 DIF= 2.0 
Moment 
capacity 
(kNm) 
Demand/
capacity 
ratio 
Moment 
capacity 
(kNm) 
Demand/ 
capacity 
ratio 
C1 10687 33105 5740 5.768 6615 5.005 
C2 10273 1550 5738 0.270 6527 0.237 
C3 10067 4509 5722 0.788 6484 0.695 
C4 9818 1793 5703 0.314 6431 0.279 
C5 10571 21373 5739 3.724 6590 3.243 
C6 9832 4518 5704 0.792 6434 0.702 
C7 10214 2515 5733 0.439 6515 0.386 
 
 
Table 6-3: Blast effects loads vs. bending moment capacity for DIF=1 .5 and 2 
 
 
 
Column Shear 
force 
DIF=1.5 DIF= 2.0 
Shear 
capacity
 (kN) 
Demand/
capacity 
ratio 
Shear 
capacity
(kN) 
Demand/ 
capacity 
ratio 
C1 6612 2703 2.446 3091 2.139 
C2 632 2660 0.238 3041 0.208 
C3 958 2639 0.363 3017 0.318 
C4 298 2613 0.114 2987 0.100 
C5 6475 2691 2.406 3077 2.104 
C6 1723 2614 0.659 2989 0.577 
C7 722 2654 0.272 3034 0.238 
 
 
Table 6-4: Blast effects load vs. shear capacity for DIF=1 .5 and 2 
 
 
The structural analysis was next performed again with the modified stiffness of zero for the 
damaged columns C1 and C5. Table 6-5 shows the design forces deviation after the 
reanalysis of the structure using SAP2000. 
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Column Axial 
load 
 ( kN) 
Shear 
force 
 ( kN) 
Bending 
moment 
(kNm) 
Shear 
capacity 
(kN) 
Shear/ 
capacity 
ratio 
Moment 
capacity 
(kNm) 
Demand/ 
capacity 
ratio 
C2 9793 471 3850 2154 0.219 3907 0.985 
C3 11602 1173 5510 2308 0.508 3848 1.432 
C4 11023 441 2077 2258 0.195 3862 0.538 
C6 11501 2004 5721 2299 0.872 3851 1.485 
C7 9499 176 544 2129 0.083 3966 0.137 
 
 
Table 6-5: Blast effects vs. capacity-under reduced stiffness for C1 and C5 
 
 
It can be seen that the design loads of columns C3 and C6 were increased due to the 
removal of stiffness of columns C1 and C5. Stiffness reduction and reanalysis provide an 
opportunity to indentify the blast load effects to the partially damage structural 
components. Tables 6-6 and 6-7 illustrate the design load enhancement of the partially 
damaged columns which are identified as vulnerable elements under initial investigation.  
The linear time history analysis with SAP2000 was conducted for the entire multi-storey 
building. The analysis indicates that the columns which were directly exposed to the blast 
load were completely damaged. The remainder of the columns could be partially damaged 
and a detailed investigation would verify the extent of the damage. Therefore, a non-linear 
second order elasto-plastic analysis was carried out for a sub frame, extracted from the 
global structural frame. 
 
 
Column 
P ( kN) 
Bending 
moment 
(kNm) 
DIF=1.5 DIF= 2.0 
Moment 
capacity 
(kNm) 
Demand/ 
capacity 
ratio 
Moment 
capacity 
(kNm) 
Demand/ 
capacity 
ratio 
C2 9793 3850 5222 0.737 5851 0.658 
C3 11602 5510 5334 1.033 6222 0.886 
C4 11023 2077 5329 0.390 6120 0.339 
C6 11501 5721 5339 1.072 6204 0.922 
C7 9499 544 5189 0.105 5787 0.094 
 
Table 6-6: Blast effects vs. moment capacity-with reduced stiffness, for DIF=1 .5 and 2  
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Column 
P ( kN) Shear force  ( kN) 
DIF=1.5 DIF= 2.0 
Shear 
capacity 
(kN) 
Demand/ 
capacity 
ratio 
Shear 
capacity 
(kN) 
Demand/ 
capacity 
ratio 
C2 9793 471 2610 0.180 2984 0.158 
C3 11602 1173 2799 0.419 3200 0.367 
C4 11023 441 2738 0.161 3131 0.141 
C6 11501 2004 2788 0.719 3188 0.629 
 
 
Table 6-7: Blast effects vs. shear capacity under reduced stiffness, for DIF = 1 .5 and 2 
 
6.2.3 Local Analysis 
 
6.2.3.1 Model Development with LS DYNA 
 
After the overall analysis, as discussed above section 6.2.2, the extracted frame consist of 
load bearing columns at the lower part of the building, was analysed with LS DYNA to 
interrogate the post yield performance of the frame components. The beam and columns 
were modelled as reinforced concrete sections with non-linear material properties. The 
analysis provided information about the true non-linear deformation of the critical 
elements of the sub frame when subjected to the blast load. The numerical model 
developed in LS DYNA contains similar longitudinal and transverse reinforced details as 
in the SAP2000 model. Reinforcement steel was meshed as two node Hughes-Liu line 
elements and concrete as three-dimensional eight node solid hexahedron elements. The 
steel reinforcement and concrete were linked by shared nodes and they were assumed to be 
perfectly bonded without any slip (Weerheijm et al. 2008). The extracted model is shown 
in Figure 6-9 with direction of the blast and column notation. Figure 6-10 shows the 
reinforcement arrangement for the column and beams. 
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Figure 6-9: Extracted sub frame for local analysis 
 
 
 
  
 
Figure 6-10: Reinforcement arrangement of the sub frame 
 
 
Figure 6-11 shows the mesh arrangement of the beam and column with the enlarged view 
taken near to the first ground column, directly exposed to the blast. The convergence study 
identified there was no significant effects by further reduction of the element size beyond 
C3 
C1 
C2 
 
C4 
 
C8 
C2 
C4 
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50mm on the numerical results. Therefore, the steel reinforcement and concrete were 
modelled as 50mm one dimensional line and three dimensional solids elements. The 
direction of the blast is Y direction as shown in Figure 6-11. 
  
 
 
Figure 6-11: Mesh arrangement of the beam and column 
 
The LS DYNA model contains line elements of 151983 and solid elements of 1188720. 
The desk capacity of the LS DYNA model is 180MB. The boundary conditions for the 
extracted sub frame are derived from the pushover analysis carried out using the SAP2000 
model (Kadid et al. 2008). The linear elastic performance of the LS DYNA model of the 
extracted sub frame is calibrated with the SAP2000 model to achieve an equivalent linear 
elastic static and dynamic response. The purpose of this calibration is to achieve a 
consistency of response between the extracted sub frame and the complete building 
structure.  
The characteristics of the material model with failure criterion were discussed in chapter 3. 
Therefore, this study used MAT72 REL3 material model for concrete. Strain rate effect was 
incorporated with a DIF as a function of strain rate, linked to the concrete material model. 
Properties for reinforced steel were provided by the Plastic Kinematic material model 
which represents elastic plastic properties together with the strain rate effect. The failure 
criterions and characteristic of the Plastic Kinematic material model was illustrated in 
chapter 3 in detail. 
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6.2.3.2 Structural Analysis  
 
Initially, gravity loads were applied as a ramp function of time in order to avoid high stress 
concentrations and fluctuations in elements at the loading zone. This ramp up loading is 
suitable when imposing static loads in explicit analysis and must start from zero and 
continue to the final value. The amount of gravity loads to be applied to the structure was 
obtained by an iterative process in order that maximum concrete stress due to factored 
design loads does not exceed the 25% of the serviceability stress of concrete (fc’) (Shi et 
al. 2008). Iterative analysis indicated that a total of 150ms is adequate to stabilize the 
gravity loads over the structure. The ramp up loading is increased from 0 to the maximum 
value within the first 100ms and then it is constant. The blast loads were incorporated in 
the analysis after 150ms. LS DYNA Model analysis was conducted under the same loading 
environments as used in the previous SAP2000 global analysis which was continued for 
100ms with blast loads. The LS DYNA model was carried out with High Performance 
Computer (HPC) facilities taking approximately 72 hours for the complete analysis. The 
size of the results file was 73GB. 
The results identified that the column C1 failed at 50ms and initiated the progressive 
collapse of the building due to gravity load. Figure 6-12 shows the concrete effective 
plastic strain variation of the frame at different time stages following the blast. Effective 
plastic strain is the damage parameter in MAT72 REL3 material model which range from 0 
to 2. Elastic state of the concrete is represented by 0 with blue colour and the yielding and 
post yielding is incorporated within 0 to 2. The residual capacity of the concrete is 
indicated by 2 as presented in chapter 3 in detail.  
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a) after 2ms   
 
                                            
 
 
(b) after 5ms 
 
 
C1
PhD Thesis 
 
 
119
 
 
 
 
(c) after 10ms 
 
 
 
 
 
(d) after 15ms 
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(e) after 50ms  
                                                        
 
 
 
   
(f) after 100ms 
 
Figure 6-12: Effective plastic strain diagram of concrete showing damage propagation 
with time following the blast 
 
6.2.4  Damage Assessment of Columns 
 
Identifying the damage mechanism and residual load carrying capacity of the columns 
were achieved using the minimum and maximum principal stress plots extracted for 
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selected elements at critical locations. Ground columns C1, C2 and C3 were selected to 
evaluate their damage as they were in different damaged conditions, either completely or 
partially damage. Global analysis with SAP2000 had already concluded that column C1 
could fail due to a lack of shear and flexural capacities to resist blast induced shear forces 
and bending moments. LS DYNA local analysis results confirmed column C1’s state of the 
damage in detail. A cross section was captured from the column C1 as shown in Figure 6-
13 at middle height. Figure 6-14 illustrates the cross sectional behaviour with selected 
elements with effective plastic strain. 
 
 
 
 
 
Figure 6-13: Selected cross section at column C1  
 
 
 
 
Figure 6-14: Cross section A-A with selected elements in concrete  
C1 
A-A 
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Maximum and minimum principal stress variation in elements, with time is used to 
evaluate the damaged conditions of the columns. MAT72 REL3 concrete damage material 
model based on the three failure surfaces as presented in chapter 3. Therefore, maximum 
and minimum principle stress plots can be used to evaluate the performance of structural 
components during the blast loading and post blast conditions.  
Maximum and minimum principal stress plots for the selected elements in the cross section 
A-A are shown in Figures 6-15 and 6-16. Figure 6-15 illustrates stress plots for elements 
selected from the middle of the column along the blast direction.  
 
 
 
 
(a) Minimum principal stress over time 
 
 
    
 
(b) Maximum principal stress over time 
 
Figure 6-15: Stress plots for elements selected at the middle of the column in the blast 
direction 
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Figure 6-16 illustrates stress plots for elements selected from one side of the column along 
the blast direction.  
 
 
(a) Minimum principal stress                                             
 
 
 
(b) Maximum principal stress 
 
Figure 6-16: Principal stress plots for elements one side of the column-section A-A 
 
 
In the above Figures stress values at H566316 and H56324 are very close and hence the 
graphs coincide. As can be seen in Figures 6-15 and 6-16, the elements in the column C1 
have been subjected to either tensile or compression failure and have completely lost their 
load carrying capacity as their principal stresses have become zero immediately after the 
blast.  
These stresses resulted in bond and adhesion failure between concrete and reinforcement 
and a loss of confinement of the concrete in both columns and beams.  
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Partially damaged column C3 was then evaluated to determine the level of damage and 
residual capacity. An effective undamaged concrete is defined as the concrete that 
contribute to carry the residual loads at the weakest point of the partially damaged RC 
column. The minimum cross sectional area of the effective undamaged concrete was 
determined to quantify the residual capacity. Figure 6-17 shows the location of weakest 
point of the column C3 and Figure 6-18 shows the cross section of the effective 
undamaged concrete. The selected elements are used to assess the damage as illustrated in 
Figure 6-18. The section was captured at 15ms of time history before progressive collapse 
started due to lack of load carrying capacity of the entire frame following the blast. 
 
 
 
Figure 6-17: Selected cross section at column C3 
 
  
 
Figure 6-18: Strain diagram with selected elements in section B-B 
C3 
B-B 
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Maximum and minimum principal stress plots for selected concrete elements in Figure 6-
18 are illustrated in Figure 6-19.  
 
 
 
(a) Minimum principal stress                                                
 
 
 
 
(b) Maximum principal stress 
 
Figure 6-19: Principal stress plots for the elements at section B-B 
 
 
The elements number H976496 and H976501 lost their stress and could not carry any load 
immediately after the blast load imposed. The concrete elements H976509 and H976513 
carried post blast gravity load as their principal stresses were not zero. The strain diagram 
clearly show that the concrete was not yielded and stress plots confirmed it. When the bond 
between reinforcement and concrete disintegrates, blast damage results in loosen of 
confinement of concrete. However, the concrete damaged area experienced that the steel 
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reinforcement became ineffective and concrete returns to the unconfined state. As a result, 
the load carrying capacity of the column is significantly reduced. The residual capacity of 
the undamaged concrete can be calculated by evaluating the minimum cross sectional area 
of effective undamaged concrete at the weakest point of the column.  
The safety factor for unreinforced concrete is 0.55 according to the ACI 318-08 code 
section 9.3.5. Therefore, the residual capacity, Rrsu for column C3 after direct blast effect is 
incorporated with the undamaged cross sectional area of concrete which is 25% of its 
original. The residual capacity of the column has therefore been limited to 6600kN which 
is 17% of its original pure axial load carrying capacity. That implies that more than 83% of 
column C3 has been subjected to damage although 75% of the cross section has been 
damaged due to the blast effect. The Damage evaluation based on the cross sectional 
analysis of the RC components is therefore recommended to assess the residual capacity of 
the remaining. 
Progressive collapse of the adjacent columns increased the damage to all columns, 
resulting complete failure of the entire frame. 
6.3 Chapter Summary  
 
A comprehensive investigation on the assessment of vulnerability and damage to RC 
framed building structures when subjected to blast loads has been presented. The analytical 
approach consists of both global and local analysis to identify the integrity of entire 
structural framing system and the key elements at critical zone. The global linear elastic 
time history analysis of the entire building frame subjected to the near blast event 
demonstrated that the building frame has the capacity to restore global and local stability, 
provided catastrophic or progressive collapse is not initiated by damage to key elements. 
Rigorous analysis carried out for the key elements at the critical zone of the frame showed 
that they can be extremely damaged by a bomb hazard of a magnitude equivalent to 500 kg 
of TNT, detonated at a distance 5m from the face of the building. Therefore, it is important 
to assess the damage caused to load bearing columns at critical zone in order to implement 
retrofit measures. Principal stress plots and plastic strain diagrams (at selected key 
elements) can be used to determine the damage mechanism and the damage extent for 
assessment of residual capacity. The methodology used in this study is applicable for 
assessing vulnerability, damage, and the residual strength capacity of building frames and 
component elements subjected to near field blast events.  
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7 INVESTIGATION OF 3-DIMENSINAL REINFORCED 
CONCRETE FRAME AND COMPONENTS SUBJECTED 
TO DIFFERENT NEAR FIELD BLAST EVENTS  
 
7.1 Introduction 
 
This chapter presents the results of the investigation for the identification of localized RC 
frame subjected to different blast load scenarios. The local RC framed model developed in 
LS DYNA in chapter 6 was used to evaluate the response and post blast performance under 
different charge weights with constant standoff distance. The specific parameter was the 
scaled distance which combines the charge weights and constant standoff distance. The 
series of analysis cases was carried out applying 25% of the ground column’s 
serviceability load carrying capacity on the localized model to get pre-stress conditions due 
to gravitational loads (Shi et al. 2008). The level of damage to a key element with respect 
to charge weights was evaluated selecting the ground columns which are shown as in the 
Figure 6-1. Cross section behaviour at the critically damaged locations in the columns was 
investigated to identify the level of damage and residual capacity following the blast. 
Effective undamaged concrete defined in chapter 6 is used to quantify the residual capacity 
and damage index. The overall results obtained by this parametric study were summarized 
to identify the response and post blast performance of the RC columns subjected to 
different blast load conditions with derived damage indices. The results of this 
investigation also confirmed that the existing method to calculate the residual load carrying 
capacity of partially damaged RC column is not appropriate. Damaged indices based on 
material yielding and plastic strains of the RC columns quantify the actual damage to the 
structure. Chapter 8 and chapter 9 will use the results of this chapter to develop alternative 
design methods for RC columns to mitigate blast effects on RC framed multi-storey 
buildings. 
 
7.2 Blast Load Cases for Parametric Study 
 
The different blast load scenarios were established by changing charge weight keeping 
standoff distance as a constant of 5m. This distance was identified as reasonable standoff 
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distance for detonating vehicle borne incendiary device for most buildings in CBD. Five 
different blast load cases were selected changing charge weights as 50kg, 100kg, 200kg, 
300kg, and 400kg of TNT equivalence. These are the possible weights for a bomb that a 
car or a small truck can carry. Chapter 6 investigated global and localized effects of the RC 
framed building subjected to 500kg of TNT equivalent charge weight detonated at 5m 
standoff distance. Table 7-1 shows selected blast analysis cases for current investigation 
with charge weights, W standoff distance, d and the calculated scaled distance, Z. 
 
 
Blast Analysis Case 
Charge weight, W 
(kg) 
Scaled distance, Z  
(m/kg1/3) 
1 50 1.357209 
2 100 1.077217 
3 200 0.854987 
4 300 0.74690 
5 400 0.67860 
Chapter 6 500 0.62996 
 
Table 7-1: Selected blast analysis cases 
 
7.3 Structural Analysis  
The LS DYNA model developed for local analysis in chapter 6 was used for the parametric 
study. The global response of the selected building for 500kg of TNT equivalence bomb 
was investigated. The results from global analysis revealed that the blast load highly 
influences to a localized critical zone where blast pressure is directly applied. Therefore, 
the global response is depended on the performance of localized critical zone. Hence, the 
parametric study investigated the performance of the localized frame when subjected to 
different blast load scenarios. 
Gravity load stabilize was included to the time history blast analysis by pre-applied loads 
on the numerical model before incorporating the blast pressure. The amount of 
gravitational loads was calculated based on the axial load carrying capacity of the ground 
columns. These columns can be used in buildings with 10 to 20 storeys. The gravity loads 
were applied on the all elements in the frame equivalent to 25% of the serviceability load 
carrying capacity of the column (Shi et al. 2008).  
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7.4 Blast Performance of the RC Frame  
 
The investigation was continued for the blast analysis cases mentioned in Table 7-1. Figure 
7-1 shows the 3D LS DYNA local model with blast direction and usual notion for selected 
columns.  
 
 
Figure 7-1: 3D LS DYNA local model   
 
 
The blast load application on the local model and structural analysis were similar to the 
procedure used in chapter 6. Ramp loading was used to implement the gravity loads on 
model and pressure time history was used for blast load application. Blast overpressure 
variations at the front face of the frame were determined for all blast load cases selected 
and shown for each load case. Individual performance of the 3D RC frame for each blast 
load case is shown by the effective plastic strain diagrams. Effective plastic strain is 0 
(zero) at elastic region of the concrete and greater than zero indicates the yielding and post 
yielding. Effective undamaged concrete were identified throughout the height of the 
column and captured minimum undamaged concrete sectional area of the columns to 
calculate the damage index. 
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7.4.1 Blast Analysis Case 1 
 
Table 7-2 shows the basic blast load parameters used for analysis case 1. The blast pressure 
variation with the distance to the building is shown Figure 7-2.  
 
Blast case 
Charge weight, W  
(kg) 
Standoff distance ,d  
(m) 
1 50 5 
 
Table 7-2: Basic load parameters for blast analysis case 1 
 
 
 
 
Figure 7-2: Overpressure variation with Length, R for blast analysis case 1  
 
The LS DYNA analysis results indicated that the entire frame responded completely 
elastically for blast analysis case 1, without any material yielding in either the concrete or 
steel reinforcement. Therefore, there was no failure of the entire frame and thus the 
building and the occupants are secure.  
7.4.2 Blast Analysis Case 2  
 
Table 7-3 show the blast load parameters used for analysis case 2, while Figure 7-3 shows 
the overpressure variation with distance. 
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Blast case 
Charge weight, W 
 (kg) 
Standoff distance, d  
(m) 
2 100 5 
 
Table 7-3: Basic load parameters for analysis case 2 
 
 
 
Figure 7-3: Overpressure variation with length, R for blast analysis case 2 
 
 
The results indicated that the global frame responded elastically and restored global 
stability immediately after the blast. Figure 7-4 shows the effective plastic strain diagram 
indicating the concrete damage of the frame in the post blast serviceability state. Column 
C1 was slightly damaged at its base due to direct shear force generated by the blast 
loading. The beams at front which were directly exposed to the high intensity blast 
pressure were subjected to yielding at their ends as shown in Figure 7-4. However, the 
blast load did not affect the integrity of the frame as all structural elements provided 
adequate contribution to withstand gravitational loads.  
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Figure 7-4: Blast damage for blast analysis case 2 
 
Figure 7-5 shows the effective plastic strain diagram of the effective undamaged concrete 
cross section taken at the lower part of column C1. 
The strain diagram in Figure 7-5 indicates that column C1 was subjected to damage over 
50% at its base. The steel reinforcement remained elastic. The entire frame was stable 
without any global failure. Column C3 was partially damaged as shown in the cross section 
in Figure 7-6. 
 
 
 
Figure 7-5: Strain diagram of the effective undamaged concrete for column C1-case2 
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Figure 7-6: Strain diagram at effective undamaged concrete of column C3-case2 
 
The column was damaged over 20% of its cross section at its plastic hinge region. 
Columns C2 and C4 did not experience significant damage and provided adequate 
resistance to the stability of the entire frame in the post blast conditions.  
 
7.4.3 Blast Analysis Case 3 
 
Table 7-4 shows the basic load parameters used in analysis case 3. The overpressure 
variation for analysis case 3 with the distance from the origin of the blast is illustrated in 
Figure 7-7, and the corresponding effective plastic strain diagram of the entire frame in the 
post blast conditions is shown in Figure 7-8. In post blast conditions the frame indicates 
that column C1 experienced significant damage at its lower part and the damage was 
extended to columns C2, C3 and C8. Column C was subjected to direct shear failure 
resulting in the concrete and steel yielding. A cross section extracted from the critically 
damaged point at column C1 is shown in Figure 7-9. 
 
Blast case 
Charge weight, W 
 (kg) 
Standoff distance, d 
 (m) 
3 200 5 
 
Table 7-4: Basic load parameters of analysis case 3 
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Figure 7-7: Overpressure variation with length, R for blast analysis case 3 
 
 
 
 
 
Figure 7-8: Blast damage for blast analysis case 3 
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Figure 7-9: Plastic strain diagram at section A-A for analysis case 3 
 
Figure 7-9 indicates that a significant portion of the concrete at A-A was damaged as the 
effective plastic strains are greater than 0. The steel cage was also damaged and the 
longitudinal reinforcements tended to buckle (Kappos 1997). The first storey beams in the 
front face were completely damaged and unable to carry any further load. The lateral 
beams which transversely supported the moment resisting frame were also subjected to 
minor to moderate damage. Column C3 was subjected to partial yielding at its base over 
50% of the cross sectional area as shown in Figure 7-10. The blast effect influenced 
column C8 and damaged 40% of the cross section at the weakest point of the column as 
illustrated in Figure 7-11. In addition, column C2 was subjected to yielding as shown in 
Figure 7-12. The blast damage penetrated diagonally into the column, causing damage to a 
corner over 13% of the cross section.   
 
 
 
Figure 7-10: Strain diagram of the effective undamaged concrete for column C3 
-analysis case 3 
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Figure 7-11: Strain diagram of the effective undamaged concrete for column C8 
-analysis case 3 
 
 
Figure 7-12: Strain diagram of the effective undamaged concrete for column C2  
-analysis case 3 
 
7.4.4 Blast Analysis Case 4 
 
Table 7-5 shows the basic explosion load parameters used for analysis case 4 while the 
blast overpressure variation with distance from the origin of the blast is illustrated in 
Figure 7-13. 
 
Blast case 
Charge weight, W 
 (kg) 
Standoff distance, d  
(m) 
4 300 5 
 
Table 7-5: Basic load parameters of analysis case 4 
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Figure 7-13: Blast pressure variation with distance for analysis case 4 
 
Figure 7-14 illustrates the post blast performance of the entire frame for analysis case 4. 
The ground column was completely damaged by complete yielding of the concrete across 
the section. The beams at the first floor were also completely damaged. However, overall, 
the structure was able to withstand the applied gravity load without initiating catastrophic 
failure even though column C1 was completely damaged.  
Columns C2, C3 and C8 were partially damaged however provided adequate resistance 
against catastrophic and progressive failure of the entire frame. Therefore, residual 
capacity analysis with damage indices for partially damaged columns is important to 
identify the post blast performance of the entire building. The cross sections of the effective 
undamaged concrete in the partially damaged columns were evaluated. Figure 7-15 shows 
the cross section of the effective undamaged concrete in column C3. Column C3 was 
subjected to damage by yielding of the concrete over 75% of the cross section. Similar 
behaviour was observed for column C8 as shown in Figure 7-16 in which 25% of the 
concrete area remained undamaged. Figure 7-17 illustrates the damage status of column C2 
which had 55% of its concrete area undamaged. 
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Figure 7-14: Blast damage for analysis case 4 
 
 
 
 
Figure 7-15: Strain diagram of the effective undamaged concrete for column C3-analysis 
case 4 
 
 
 
Figure 7-16: Strain diagram of the effective undamaged concrete for column C8 -analysis 
case 4 
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Figure 7-17: Strain diagram of the effective undamaged concrete for column C2-analysis 
 case 4 
 
The minimum cross sectional area of effective undamaged concrete of columns C2, C3 and 
C8 revealed that the columns were critically damaged and had lower residual load carrying 
capacity. However, they were able to provide adequate resistance against post blast failure 
caused by gravity loads. 
7.4.5 Blast Analysis Case 5 
 
Table 7-6 show the basic blast load parameters used for the analysis case-5. The blast 
presser variation for blast case-5 with respect to the distance from the origin of the blast is 
illustrated in Figure 7-18. 
 
Blast case 
Charge weight,  W 
 (kg) 
Standoff distance, d 
 ( m) 
5 400 5 
 
 
Table 7-6: Basic load parameters of analysis case 5 
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Figure 7-18: Blast pressure variation with distance-analysis case 5 
 
Figure 7-19 shows the damage to the frame for analysis case-5 at 70ms following the blast. 
The overall performance for analysis case-5 was similar observations as the analysis case 
investigated in chapter 5 (500 kg of TNT). The column which was directly exposed to the 
blast pressure was damage catastrophically and initiated the progressive collapse of the 
entire frame. The beams at the front face which were directly exposed to the blast were 
completely damage and couldn’t support to distribute the gravity load to the adjacent 
columns. 
 
Figure 7-19: Blast damage at 70 ms-analysis case 5 
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This implies the beams are not able to provide adequate resistant to withstand the gravity 
load transferring from the upper part of the building. Therefore, the load cannot be 
transferred by an alternate path through the beams in the first floor and the progressive 
collapse was the ultimate result. The column C3 were initially subjected to partial damage 
at their base due to direct over pressure effect and later by the progressive collapse. Figure 
2-20 show the damaged to column C3 due to direct blast pressure before starting the 
progressive collapse at 70ms. The minimum cross section of the effective undamaged 
concrete was less than 10%. 
 
 
Figure 7-20: Strain diagram at effective undamaged concrete of column C3-analysis case 5 
(at 70ms) 
 
Figure 7-21 shows cross section of the weakest point of the column C2 for analysis case 5 
at 70ms where 68% of the column was damaged while Figure 7-22 illustrates the similar 
diagram for column C8 which was underwent to 75% damage. 
 
 
 
Figure 7-21: Strain diagram at effective undamaged concrete of column C2-analysis case 5 
(at 70ms) 
 
PhD Thesis 
 
 
142
 
Figure 7-22: Strain diagram at effective undamaged concrete of column C8-analysis case 5 
(at 70ms) 
 
7.4.6 Overall Blast Performance of the Frame  
 
The overall performance of the building under 25% of serviceable load is presented in the 
Table 7-7 with respect to different blast load scenarios.  
 
Blast load case Charge weight ( kg of TNT) 
Scaled 
distance(m/kg(1/3)) 
Frame 
performance 
1 50 1.357209 safe 
2 100 1.077217 safe 
3 200 0.854988 safe 
4 300 0.746901 Critical but safe 
5 400 0.678604 Not safe 
Chapter 6 500 0.629961 Not safe 
 
Table 7-7: Overall performance of the frame 
 
7.4.7 Residual Capacity and Damaged Indices of the Columns 
 
This investigation identified that the residual capacity analysis based on the undamaged 
concrete segment throughout the height of the RC column is the realistic method to 
determine the residual capacity of the partially damaged columns. The concrete in partially 
damaged columns is unreinforced and the safety factor, Φ is 0.55 according to the ACI 318 
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2008. The residual pure axial load carrying capacity is calculated based on the minimum 
cross sectional area of the effective undamaged concrete, ae at the weakest point of the 
column.  
Residual pure axial load carrying capacity = 0.55aefc’  
Where fc’ is the concrete strength. The calculated residual capacities of the columns C1, 
C2, C3 and C8 are shown in the Table 7-8.  
The damage index is the numerical approach to quantify the damage following a blast or 
an earthquake. Damage indices based on residual capacity of damage structure may offer 
most reliable estimation on damage because remaining life of the structure would depend 
upon it. The damage index is therefore defined in this study based on residual load carrying 
capacity of the remaining as; 
 
Eq. 7-1 
 
where POriginal is the original axial load carrying capacity of the RC column. The maximum 
axial load that the selected column can sustain is 37400kN. Therefore, the damage indices 
for the selected columns were derived as illustrating in the Table 7-9. 
 
 Residue capacity in kN 
Blast Analysis 
Case 
1 2 3 4 5 
Column 
C1 37400 13200 0 0 0 
C2 37400 37400 22968 11880 6600 
C3 37400 21120 13200 6600 2460 
C8 37400 37400 15480 6600 8448 
 
 
Table 7-8: Residual pure axial load capacities of selected columns 
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 Damage Index 
Blast 
Analysis 
Case 
1 2 3 4 5 
Column 
 
C1 0 0.65 1 1 1 
C2 0 0.29 0.39 0.68 0.82 
C3 0 0.44 0.65 0.82 0.93 
C8 0 0 0.58 0.82 0.77 
 
 
Table 7-9: Damage indices of selected columns 
7.5 Chapter Summary 
 
This chapter has presented the blast performance and damage mechanism of the 3D RC 
frame subjected to different blast load scenarios. The results indicate that the load bearing 
structural components required adequate strength to resist the direct blast pressure and to 
have sufficient residual capacity to avoid the catastrophic or progressive collapse. The 
overall results indicate that most of the columns were partially damaged following the 
direct blast pressure. Progressive collapse occurs when the column C1 is completely 
damaged. Cross sectional results of the partially damaged columns indicated that the 
significant amount of concrete portion remained elastic and however lost confinement due 
to concrete cover spalling following the blast. If there was an additional steel cage placed 
in the partially damage RC column where significant portion of concrete is still in the 
elastic state, the undamaged concrete would be confined and then can resist more post blast 
gravitational load of the structure. The undamaged concrete confined by the additional 
steel cage will then act as an independent column after the parent column has been 
partially damaged. This will be investigated with suggested detailing reinforcement 
arrangement for a RC column in the next chapter. 
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8 INVESTIGATION OF THE BLAST RESISTANCE OF THE 
MULTI-LAYER REINFORCEMENT IN RC COLUMNS  
 
8.1 Introduction 
 
This chapter presents the performance of providing multi-layer steel reinforced cages in a 
RC column to have blast and post blast gravity load resisting capacity. The results in 
chapters 6 and 7 identified that near field events cause significant damage to the lower part 
of the RC column due to direct shear failure following the explosion. High intensity blast 
pressure damages the concrete cover and reinforcement, resulting in the loss of 
confinement in the concrete. The residual capacity of the damaged column depends on the 
undamaged concrete area without adequate confinement from reinforcement cage. The 
detail investigation was carried out in the chapter 7 to identify the damage indices for 
partially damaged RC columns. If additional reinforcement cages are placed in the RC 
column, the residual capacity of the partially damaged column is maintained, providing 
confinement for the undamaged concrete. Undamaged concrete confined by additional 
reinforced cage will act as an independent column with reduced dimensions. Appropriate 
detailing arrangements are proposed with an analysis to confirm their adequacy in the post 
blast conditions of the RC column. These can be easily implemented in design and 
detailing of key RC columns in multi-storey buildings.   
  
8.2 Blast and Post Blast Behaviour of the RC columns 
 
It is necessary to have load bearing capacity in the key structural elements to avoid 
catastrophic or disproportionate collapse of a multi-storey building in its post blast 
serviceability state. Key elements are defined as structural components that cause the 
collapse of more than a limited portion of a structure within close proximity of them. The 
behaviour of these key structural components after the blast damage has occurred directly 
affects the integrity of the entire structure. A building will progressively collapse due to the 
loss of the load carrying capacity of key components at the critical zone. The well known 
example is Murrah building bombing incident where the progressive collapse extended 
beyond the immediate damage zone. These key elements must be capable of withstanding 
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the post blast gravity load of the entire structure to prevent catastrophic collapse which 
initiates progressive collapse. Therefore, columns which can maintain their load carrying 
capacity in post blast conditions are required in design of multi-storey buildings. The 
performance of such elements is also vital to save lives in rescue operations in the post 
disaster evacuation process, providing adequate resistance to avoid or delay the sudden 
collapse of the entire building immediately after the explosion. 
The effective plastic strain diagrams of the concrete were used to identify the blast 
damage.  The minimum Effective undamaged concrete at the weakest point of the partially 
damaged columns was used to residual in chapter 6 and 7. Concrete was in unconfined 
state after the blast and residual capacity was evaluated with respect to the strength of plain 
concrete. Therefore, the load carrying capacity of the damaged column is significantly 
reduced and the undamaged concrete has an unconfined stress capacity which is 
significantly less than the concrete in confinement conditions. 
An additional reinforcement cage can be placed inside the main reinforcement cage in the 
column and thus provides confinement for the effective undamaged concrete when the 
column is partially damaged. Thereby, an independent column with reduced dimensions 
develops as a divided piece of the original RC column. Hence, the post blast gravity load 
carrying capacity is significantly maintained and catastrophic or progressive collapse of the 
building can then be avoided. Suitable reinforcement arrangements for the RC column are 
required and this investigation recommends column detailing with multi-layer 
reinforcement cages. This method can be used as a mitigation strategy when designing key 
reinforced concrete structural elements for multi-storey buildings in the future.  
8.3 Global and Local Failure of Concrete Columns 
 
Structural components subjected to high intensity blast loads may respond with in local 
and global effects comprising flexure, direct shear and punching shear failures, depending 
on the loading rate, direction of the blast wave and boundary conditions. Local effects in 
concrete sections are bleaching and spalling. The punching effect is frequently referred to 
as bleaching, which is well known in high velocity impact applications and near field 
explosions. Bleaching failures are accompanied by spalling and scabbing of concrete 
covers.  
The results of the investigations in chapter 6 and chapter 7 pointed out that the RC 
columns’ response and damage depends on the performance of the concrete during the 
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blast loading. Spalling and scabbing of concrete covers were identified at the critical 
location of the column where material yielding started. Figure 8-1 shows two of the cross 
sections from the partially damaged columns in the previous study in chapter 7. The 
undamaged concrete section in the partially damaged column needs to be identified to 
determine the actual residual capacity. Therefore, the effective cross sectional area is the 
maximum cross sectional area of the effective undamaged concrete has no yielding 
throughout the height of the column. Hence, the entire column must be checked along its 
height to ensure the concrete core is undamaged. The additional reinforcement cage is then 
placed in that section when designing to maintain confinement, if the column would 
partially damage due to a high intensity blast pressure.   
 
              
 (a) (b) 
 
Figure 8-1: Effective plastic strain of concrete in partially damaged column  
 
8.4 Multi-Layer Reinforcement of Columns 
 
The ductility demand must be supplied to the load bearing key columns so they have 
adequate shear and bending capacity (Kuang et al. 2005). Lateral reinforcements are placed 
to add confinement to the concrete core and further prevent bucking of the longitudinal 
reinforcement bars. Closely spaced ties and spiral reinforcement are recommended to 
increase the ductility of the RC column. Blast retrofit methods for RC columns such as 
steel jackets or fibre reinforced plastic (FRP) composite wraps are incorporated to resist 
direct blast pressure and so avoid direct shear or flexural failure and their combined 
effects. 
Undamaged 
concrete 
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Shear capacity, Vr of the concrete column can be determined using the equation (Tasi et al. 
2008); 
 
Eq. 8-1 
 
where b and d are section width and effective depth, respectively while fc and N are the 
unconfined concrete compressive strength and axial load on the section, respectively. 
Similarly, Ac is the concrete area while Ash, fyh and s are the area, yield strength, and 
spacing of shear reinforcement, respectively. According to the equation 8-1, the shear 
capacity is not significantly increased by adding an additional longitudinal reinforced steel 
layer. However, implementing an additional reinforcement cage will maintain the residual 
load carrying capacity without any special retrofitting measures. This can be easily 
achieved in design and detailing of the RC columns and can be applied in construction 
practice. 
8.5 Case Study 
 
A case study was carried out to identify the suitable reinforcement arrangement for the 
concrete column used in the previous study in chapter 6 and chapter 7. The cross sectional 
properties of the selected column are shown in Figure 8-2. The total area of the 
longitudinal reinforcement was 2% of the gross sectional area of the columns and bars 
were placed with 150mm spacing (Clause 10.7 4.1, AS3600 2009). Transverse links with 
10mm diameter (Clause 10.7.4.3 AS3600 2009) were also placed with 150mm spacing. 
The column’s load carrying capacity was studied using a moment interaction diagram 
(MID) which was drawn by a cross sectional analysis (AS3600 2009). The MID for the 
selected column is shown in Figure 8-3.   
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Figure 8-2: Cross section of the column 
 
 
 
 
Figure 8-3: Moment interaction diagram (MID) for the selected column  
 
8.5.1 Additional Steel Cage Detailing-1 
 
An additional reinforced cage is recommended to be placed at 200mm depth in the square 
column as shown in Figure 8-4.  
 
 
 
 
1000 mm 
1000 mm 
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Figure 8-4: Column detailing-1 
 
8.5.1.1 Possible Damage Scenario-1 
 
The first possible damage scenario was obtained when the blast affects reached 200mm 
depth into the column’s perimeter as shown in Figure 8-5. This type of damage patters can 
be observed in columns which are subjected to direct blast pressure. When the blast 
pressure damaged the concrete at this depth from the column surface, the additional steel 
cage placed in the column creates an independent column with a size of approximately 
600mm by 600mm. The outer steel reinforced cage is not further effective and the inner 
cage provides confinement to the undamaged concrete in the centre. The new MID for the 
inner formed column can be drawn as shown in Figure 8-6.  
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Figure 8-5: Newly formed column after the blast  
 
Figure 8-6: MIDs for pre-blast and post blast conditions 
 
The continuous line shows the original MID before the blast damage, and the dotted line 
shows the performance of the undamaged concrete in the post blast conditions.  
The pure axial load capacity was significantly reduced from 40000KN to 20000kN. The 
damage index for this column was calculated and is 0.5 regarding the axial loads. When 
comparing the maximum bending moments that the original and damaged column can 
resist, the damage index was calculated as 0.64. However, this is a significant amount 
compared to the unreinforced concrete which remains’ in a typical RC column following 
the failure of the reinforcement due to the blast effect.  
 
 
Damaged area 
Undamaged area 
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8.5.1.2 Possible Damage Scenario 2 
 
Damage scenario 2 was identified based on the results for column C2 for blast analysis 
case 3 in chapter 7. Figure 8-7 shows the damaged and undamaged concrete areas with 
different colours. The concrete was damaged to a depth of less than 200mm on one side 
and 250mm along the adjacent side. This type of damage pattern is typically observed in a 
column subjected to blast pressure approaching oblique to the front face of the column. 
The MID for this partially damaged column is illustrated in Figure 8-8. The moments were 
calculated with respect to minor axis of the undamaged cross sectional area. The column 
was damaged approximately 24% of its cross sectional area and the reinforcement in the 
damaged area was ineffective. The damage index with respect to axial loading was 18%. 
 
 
 
Figure 8-7: Blast damaged and undamaged concrete damage scenario 2 
 
 
Figure 8-8: MIDs for pre-blast and post-blast conditions for damage scenario 2 
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8.5.1.3 Possible Damage Scenario 3 
 
The next damage scenario was identified when one side of the column was subjected to 
partial damage as shown in Figure 8-9. Column C3 experienced this type of damage 
pattern for blast analysis case 2. One layer of longitudinal reinforcement was ineffective at 
the blast exposed face. The MID for the partially damaged column is shown in Figure 8-10 
when taking the moment calculation with respect to the minor axis. 
 
 
 
Figure 8-9: Blast damaged and undamaged concrete in damage scenario 3 
 
 
 
Figure 8-10: MIDs for pre-blast and post-blast conditions for damage scenario 3 
 
The pure axial load carrying capacity of the column was reduced from 40000kN to 
34500kN, while the damage index was 14%. 
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8.5.1.4 Possible Damage Scenario 4 
 
The blast damaged and undamaged area in the cross section for damage scenario 4 is 
illustrated in Figure 8-11. This type of damage condition was observed in columns C2 and 
C3 for blast analysis cases 4 and 2, respectively in chapter 7. The MID for this partially 
damaged column was determined as shown in Figure 8-12. Moments were calculated with 
respect to the minor axis of the undamaged area. 
 
 
 
Figure 8-11: Blast damaged and undamaged concrete in damage scenario 4 
 
 
 
Figure 8-12: MIDs for pre-blast and post-blast conditions for damage scenario 4 
 
The pure axial load capacity was reduced from 40000kN to 28000kN and the damage 
index was 30%. 
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8.5.1.5 Possible Damage Scenario 5 
 
The next possible damage scenario was identified when the column is damaged over 
approximately half of the cross section as shown in Figure 8-13. This type of partially 
damaged column was observed in blast analysis case 3 in columns C8 and C3. The MID 
for the partially damaged column is illustrated in 8-14. 
 
 
 
Figure 8-13: Blast damaged and undamaged concrete in damage scenario 5 
 
 
 
Figure 8-14: MIDs for pre-blast and post-blast conditions for damage scenario 5 
 
The pure axial load capacity decreased from 40000kN to 16000kN with a damage index of 
60%. The moment capacity was significantly reduced to 1050kNm. 
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8.5.2 Additional Steel Cage Detailing-2 
 
The next possible reinforcement arrangement is shown in Figure 8-15. This is a modified 
arrangement of suggestion 2, adding another cage in the centre of the column. 
 
 
 
Figure 8-15: Column detailing-2 
 
8.5.2.1 Possible Damage Scenario-6 
 
The reinforced cage added at the centre of the column is effective when the blast damaged 
the column as shown in 8-16. This type of damage can be identified at the at a corner 
column where the blast shock has been diagonally applied. The corresponding MID for the 
partially damaged column is drawn as shown in Figure 8-17. The residual axial load 
carrying capacity was 20000kN and the damage index was 51%. However, the damaged 
area was an approximately 55% of the cross section and the residual capacity also 
remained half of the original capacity. Therefore, the additional reinforced cage provided 
superior residual capacity compared to typical steel detailing for the concrete.   
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Figure 8-16: Blast damaged and undamaged concrete in damage scenario 6 
 
 
 
Figure 8-17: MIDs for pre-blast and post-blast conditions for damage scenario 6 
 
8.6 Discussion 
 
Table 8-1 shows the overall performance of the RC columns with and without additional 
reinforced layers. Damage indices derived for pure axial load capacity of the columns were 
significantly reduced in multilayered RC columns compare to typical columns. Therefore, 
the detailing arrangements with an additional reinforcement cage for RC columns are 
recommended in future designs to enhance and maintain the residual capacity of the 
columns when subjected to near field blast events.  
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 Damage Scenario 
 1 2 3 4 5 6 
Examples  
( column name and 
load case) 
C1L2 C2L3 C3L2 C3L4 C1L2 C2L5 
Damage index 
(typical RC) 
0.64 0.38 0.43 0.82 0.77 0.82 
Damage index 
(suggestion 1) 
0.50 0.18 0.14 0.30 0.60  
Damage index 
(suggestion 2) 
     0.51 
Performance 21% 53% 67% 65% 22% 38% 
 
Table 8-1: Performance of additional reinforcement cage with % 
 
Table 8-2 compares damage indices of the partially damage columns with and without 
additional reinforcement cage. Multi-layer cage design method has significantly increased 
the residual capacity when the RC experiences damage scenario 4. 
 
 
 
Table 8-2: Performance of additional reinforcement cage  
 
PhD Thesis 
 
 
159
8.7 Chapter Summary 
 
This chapter illustrated the performance of providing additional reinforced cages (inside 
the main reinforcement cage) to an ordinary RC column to maintain the gravity load 
resisting capacity in a partially damage state following a blast. Two detailing layouts were 
recommended with an analysis of the behaviour in post blast conditions. The residual 
capacity of the partially damaged RC column with multilayer reinforcement cages is 
significantly higher than the ordinary column which has typical detailing of the steel 
reinforcement (with one main reinforcement cage). This method can be used in the design 
of key load bearing RC columns in a multi-storey building to maintain post blast gravity 
load resisting capacity following an explosion. 
The next chapter evaluates composite column with a central structural steel core an 
alternative to the RC column to provide post blast load carrying capacity.     
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9 INVESTIGATION OF THE PERFORMANCE OF A RC 
COLUMN WITH A STRUCTURAL STEEL CORE  
 
9.1 Introduction 
 
The composite columns are sometimes used for superior structural performance and have 
the potential to mitigate the adverse effect of random and unpredictable loads (Shanmugam 
et al. 2001). This chapter describes the comprehensive results of an investigation of the 
performance of a concrete steel composite (CSC) column comprising reinforcement, 
concrete and a structural steel core, when subjected to near field blast event. This CSC 
column is designed to carry normal loads shared by both concrete and steel and is to 
provide adequate resistance against the catastrophic failure in post blast serviceability state. 
A numerical investigation was conducted by computer simulation using LS DYNA for the 
potential threat of near field blast events. The results indicate that the CSC column has 
superior performance in carrying post blast gravity loads compared to RC column. 
Therefore, the composite column can be successfully used for load bearing key elements in 
buildings to protect the structure against catastrophic or progressive collapse. CSC column 
can easily be implemented in typical design and detailing practice. A parametric study was 
also carried out for the CSC column to identify the influence of key parameters on its blast 
performance. 
9.2 Properties of Composite Column 
9.2.1 Column Dimensions 
 
This study focuses on a symmetrically placed multi-storey building column in the ground 
floor. It has a height of 4.7m and a square cross section with side dimensions of 1000mm x 
1000mm. The longitudinal and transverse reinforcements were detailed in accordance with 
the standard RC column requirements (AS3600 2009). The longitudinal steel area was 
restricted to 2% of the gross sectional area including the structural steel core, while the 
transverse steel as shown in Figure 9-1 consisted of 10mm diameter bars. The 
reinforcement cage consisted of both the longitudinal and transverse steel placed at 150mm 
spacing. Figure 9-2 shows the isometric view of the composite column with steel 
reinforcement arrangements.  
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Figure 9-1: Cross section of composite column 
 
 
 
 
Figure 9-2: Isometric view of the composite column 
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9.2.2 Steel Column and Properties 
 
The steel core was a 250 Universal Column (UC) with properties as illustrated in (Figure 
D2) AS/NZS 3679.1:2010. Its cross sectional properties are shown in Table 9-1 
(AS/NZS3679 2010). The structural steel material properties used in the model are shown 
in Table 9-2. 
 
Section name Width 
(mm) 
Depth 
(mm) 
Web 
(mm) 
Flange 
(mm) 
Weight 
(kg/m) 
250 UC 72.9 253.8 253.8 8.6 14.2 72.9 
 
Table 9-1: Section properties of the steel column 
 
 
 Young’s 
modulus 
Poisson’s 
ratio 
Static yield 
strength 
Density Failure 
strain 
Structural 
steel 205GPa 0.3 350MPa 7850kgm
-3 0.05 
 
Table 9-2: Properties of structural steel 
 
 
9.3 Numerical Model Development 
A comprehensive model of the CSC column was developed using LS DYNA to capture its 
behaviour when subjected to blast pressure. The geometry of the CSC model was created 
using MSC PATRAN as a pre-processor, which was also used to generate the finite 
element mesh of the structural components. The structural steel and concrete portions in 
the columns were modelled and meshed as 25mm 3D solid hexahedron elements with 8 
nodes. Hexahedral elements have shown stable and efficient characteristics in convergence 
(Bhowmick et al. 2006). The structural steel core was also modelled as solid elements, 
since its integrity with concrete needs to be maintained when subjected to a high intensity 
blast pressure. The steel reinforcement was modelled as 25mm one dimensional line 
elements. The convergence study identified there was no significant effects by further 
reduction of the element size on the numerical results. This study used the single point 
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integration method for solid elements. Therefore, hourglass control (HG) of the Flanagan-
Belytschko stiffness form with exact volume integration was implemented for the solid 
elements in the model analysis as it is effective in integration formulation. The advantages 
of using single point integration with HG control are described in Baylot et al. 2007 and 
LS DYNA user manual 2007. Symmetry of the column enabled developing only a half 
model of the column in order to save analysis time and computational costs. The boundary 
conditions were assigned in such a way that the bottom of the column was fully fixed while 
the top was allowed only to move in the vertical (Z) direction and rotate about the X axis 
(Figure 9-2). Along the symmetrical edge of the (half) column translation in the X 
direction and rotations about the Y and Z directions were restrained. The blast pressure 
was applied along the Y direction as shown in Figure 9-2. 
9.3.1 Structural Steel  
 
Material model Plastic Kinematic was selected for modelling the structural steel as it can 
represent material strength enhancement under higher strain rate (LS DYNA user manual 
2007). It also allows a minimum run time and can be assigned to both truss and solid 
elements. Material failure for the steel is specified by the maximum strain at which the 
steel is expected to fracture. This maximum strain was assigned to the steel material model. 
9.3.2 Concrete and Reinforcement Steel 
  
MAT72 REL3 concrete model was used to model concrete properties in the LS DYNA 
numerical model. The material properties for concrete were similar to the previous 
modelling in chapter 6. The concrete properties are illustrated in Table 9-3 while 
Reinforcing steel properties are illustrated in the Table 9-4. 
A perfect bond was assumed between reinforcement and concrete, and structural steel and 
concrete during the analysis (Weerheijm et al. 2008). The mechanism for delaminating 
concrete at the contact surface between steel core and concrete has not been modelled for 
this study. However, it was possible to assess the impact of potential de-lamination of 
residual concrete from the damaged material models. 
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 Grade Density Poisson’s 
ratio 
Concrete 48MPa 2400kN/m3 0.19 
 
Table 9-3: Properties of concrete 
 
 
 Young’s 
modulus 
Poisson’s 
ratio 
Static Yield 
strength 
Density Failure 
strain 
Longitudinal 
steel 210GPa 0.3 500MPa 7800kgm
-3 0.05 
Shear links 210GPa 0.3 350MPa 7800kgm-3 0.05 
 
Table 9-4: Properties of reinforced steel 
 
9.4 Structural Analysis  
 
The structural analysis for the composite column was conducted for several blast load 
scenarios. The study was limited to selected blast load cases with varying charge weights, 
W keeping the standoff distance d, constant at 5m. This distance was identified as 
reasonable standoff distance for detonating vehicle borne incendiary device for most 
buildings.  
The blast load investigation for CSC columns was conducted once the pre-stress condition 
was established to include gravity load effects. The first series of analysis was carried out 
applying 25% of the column’s load carrying capacity (Shi et al. 2008). If the CSC column 
was able to sustain the blast lading, additional analyses were carried out with 50% and 
75% of column capacity. The gravity load was applied on top of the column, gradually, as 
a ramp function of time to avoid stress concentrations at the loading zone. The ramp 
loading was applied for 100ms and allowed to stabilise the stresses during an additional 
50ms. The first blast pressure was then incorporated into the analysis at 150ms in the time 
history. This time duration was obtained by iteration with different ramp loading time. The 
blast pressure was applied along the Y direction as indicated in Figure 9-2. The typical RC 
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column was analysed similar to the CSC column in order to compare the performance and 
to identify the critical blast load conditions that cause its failure. 
The blast loads were applied as pressure load segments on the front face of the composite 
column. The pressure intensity, arrival time and, load duration were different to each other 
due to the travelling distance of the pressure wave and the incident angle. The full 
illustration of determination of blast pressure was presented in the chapter 3. The load 
cases were selected based on the analysis results obtained in chapter 8. The study at 
chapter 7 found that the blast loads generated by more than 300 kg of TNT and standoff 
distance 5 m, result failure of the front RC column directly exposed to the blast. Therefore, 
six different blast load cases were selected with the unique standoff distance of 5m. These 
are illustrated in Table 9-5 with charge weight, W standoff distance, d and corresponding 
calculated scaled distance, Z which is defined as; 
 
Eq. 9-1
  
 
Blast Load case 
Charge weight 
(kg) 
Scaled distance 
(m/kg1/3) 
1 50 1.35721 
2 100 1.07721 
3 200 0.85498 
4 300 0.74690 
5 400 0.67860 
6 500 0.62996 
 
Table 9-5: Load cases with charge weight and scaled distance 
 
 
Figures 9-3 and 9-3 show the variation of column mid height blast pressure, P with respect 
to the charge weights and scaled distance. 
 
3/1W
dZ 
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(a) (b) 
 
Figure 9-3: Blast pressure variation at the mid height of the column 
   
9.5 Analysis of Results 
The structural investigation with time history analysis was performed using LS DYNA for 
each of the blast load cases mentioned above. The horizontal and vertical deflections at 
column’s mid height were recorded for each loading case to identify indications of 
potential catastrophic failure. Figure 9-4 (a) presents the horizontal displacements-time 
history for blast load cases 1, 2 and 3, while Figure 9-4 (b) presents those for blast load 
cases 4, 5 and 6. 
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(a) Blast load cases 1, 2 and 3 
 
 
 
 
(b) Blast load cases 4, 5 and 6 
 
 
Figure 9-4: Mid height horizontal displacement of the CSC column with time 
 
 
Responses for load cases 1 and 2 are almost similar as they oscillate about the zero. The 
responses for load cases 3, 4 and 5 have initial peaks of 8mm, 10mm and 20mm, 
respectively and each has a small permanent deformation about which they oscillate. The 
response under load case 6 is quite different and it has a comparatively large permanent 
horizontal displacement of about 60mm. Figure 9-5 (a) illustrates the vertical displacement 
of the CSC column with time for blast load cases 1, 2 and 3 while Figure 9-6 (b) presents 
similar diagrams for load cases 4, 5 and 6. 
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(a) Blast load cases 1, 2 and 3 
 
 
 
(b) Blast load cases 4, 5 and 6 
 
Figure 9-5: Vertical displacement of the CSC column with time 
 
There are insignificant vertical deformations in CSC column for blast load cases 1, 2 and 3 
as shown in Figure 9-5 (a). Responses under load cases 1,2,3,4 and 5 are similar with 
oscillations about a small permanent deformation. Figure 9-5 (b) shows that the CSC 
column was critically damaged for load case 6. 
These displacement time history plots indicate that no plastic deformations occurred under 
load cases 1 or 2 as oscillation is about zero as shown in Figures 9-4 and 9-5. Therefore, 
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the CSC column behaved completely elastically for the blast created by the scaled distance 
beyond 1.07m/kg1/3. However, the column tended to perform in elastic-plastic conditions 
for the remaining loading cases with larger charge weights. Load case 6 results in 60mm 
and 15mm permanent deformations at mid height in the lateral and vertical direction, 
respectively. However, the CSC column provided support to the gravity load and provided 
adequate resistance to maintain the integrity of the structure. 
Effective plastic strain diagrams with maximum and minimum principle stress plots for the 
selected elements in the concrete encasement and steel core were used to identify the 
performance during the loading and post blast conditions. The stress plots indicated the 
state of damage and yield zones within the steel and concrete. Load case 1 did not identify 
any material yielding either in concrete or in steel. Therefore, the column behaved 
completely elastically for the blast load generated by less than 50kg of TNT with 5m 
standoff distance. Blast load cases 2 and 3 resulted in partial damage to the concrete 
encasement as shown in Figures 9-6 (a) and 9-6 (b). No yielding occurred in the structural 
steel core and therefore it is not shown in a diagram. Figure 9-6 (c) shows the CSC column 
strain diagram for blast load case 4. The effective plastic strain in MAT72 REL3 is the 
damage parameter which ranges between 0 and 2, with fringe levels 0 and 2 indicating no 
yielding and maximum yielding of the concrete respectively. 
 
 
                   
                     
                   (a) Blast load case 2        (b) Blast load case 3        (c) Blast load case 4 
 
 Figure 9-6: Damage to concrete encasement  
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The steel core had remained undamaged under blast load cases 1, 2 and 3, but was 
subjected to some yielding at the lower part under blast load case 4.  
The results for load case 5 and 6 were similar to each other and they too did not show signs 
of catastrophic failure. The concrete encasement however, was subjected to complete 
damage and lost its confinement and bond with the structural steel core. Figure 9-7 shows 
the effective strain diagram of the damaged concrete encasement with fringe level after the 
blast effects at 250ms for the CSC column under load case 6.  
Two concrete elements were chosen from either side of the web and both at the upper and 
lower parts of the column for further investigations> Elements selected in the lower part – 
section AA are shown in Figure 9. 
 
 
          
 
Figure 9-7: Damage to concrete encasement for Load case 6 
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Figure 9-8: Selected elements at cross section AA of CSC column 
 
 
The post blast stress plots at these elements are shown in Figure 9-8. These elements have 
lost their load carrying capacities as indicted by their maximum and minimum principal 
stresses which have reduced to almost zero immediately after the blast pressure has been 
applied. 
 
        
 
(a) Maximum principle stress time histories            (b) Minimum principle stress time-
histories 
 
Figure 9-9: Principal stress plot for selected elements in section A-A 
 
 
As a consequence, the concrete encasement is considered to have lost its load carrying 
capacity at post blast conditions. The post blast performance of the steel reinforcement 
cage of the CSC column subjected to load case 6 is shown in Figure 9-10. Transverse steel 
links close to the steel core have lost their bond as shown in Figure 9-10(b). The 
longitudinal steel remained elastic with permanent lateral deformation due to bucking of 
the steel cage and can no longer be effective in providing support to gravity loads.  
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                                       (a) 3D view                                        (b) Vertical cross section   
 
Figure 9-10: Damage to reinforcement of CSC column-load case 6 
 
Limited yielding was observed in the steel core for both load cases 5 and 6. However, it 
behaved in stable equilibrium in post blast under gravity loads. The CSC column did not 
tend to collapse as the steel core was capable of supporting post blast gravity loads 
transferred from the damaged reinforced concrete encasement. Figure 8-11 illustrates the 
level of damage to the steel core for blast load cases 5 and 6. Fringe levels indicate the 
yielding and post yielding conditions up to fracture from 0 to 0.05 as previously defined in 
the material model. 
                         
 (a) Load case 5 (b) Load case 6 
 
Figure 9-11: Strain diagram of steel core for load cases 5 and 6 
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The steel core has been subjected to yield (fringe level > 0) at its lower and upper part as 
shown in the strain diagrams in Figure 9-11. The flange of the steel column has gained a 
plastic strain of more than half its fracture strain. Two elements, one in the yielded zone 
and the other in the elastic zone from the lower part of the steel core, as shown in Figure 9-
12, were selected to investigate the blast performance of the steel core under load case 6. 
The time histories of their minimum principal stresses, which were similar to the Von 
Misses stresses are shown in Figures 9-13. The maximum principal stresses were much 
smaller. 
       
 
  
 
Figure 9-12: Selected elements in lower part of steel core  
 
 
 
                       
Figure 9-13: Minimum principle stress plots for selected elements in steel column-lower 
part 
 
PhD Thesis 
 
 
174
 
The stress plots in Figure 9-13 clearly show that yielding has taken place in the steel core 
and that the stresses tend towards steady values. These increased stress values are due to 
the loads transferred to the steel core at post blast after the failure of the concrete 
encasement. It is evident that the steel core has been able to provide adequate resisting 
capacity, despite yielding at certain locations, to withstand post blast gravity loads, and 
thus significantly avoiding catastrophic collapse of the CSC column. This behaviour has 
confirmed the superior performance of the CSC column compared to an equivalent RC 
column, in being able to provide support under post blast conditions. 
 
9.5.1 Analysis of an Equivalent RC column 
 
An equivalent RC column, designed according to Australian Standards (AS3600 2009) was 
next analysed to compare its performance with that of the CSC column. This RC column 
had the same dimensions and material properties as the CSC column, but without the 
structural steel core. The same loading cases were implemented as in the CSC column. 
Typical damage mechanism is illustrated in Figure 9-14 under near field blast load 
conditions (Agnew et al. 2007). 
 
 
Figure 9-14: Damage mechanism of RC column subjected to near filed blast load 
conditions (Agnew et al. 2007)  
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The overall results indicated that this RC column was completely damaged under blast 
load cases 4, 5 and 6. The damaged RC column did not have adequate capacity to 
withstand post blast gravity loads. Load case 5 was selected for detailed analysis of RC 
column and Figure 9-15 illustrates its post blast damage conditions. 
 
 
 
Figure 9-15: Damage to concrete and reinforcement in typical RC column-load case 5 
 
 
As seen from Figure 9-15, the RC column has been subjected to direct shear failure at its 
lower part due to the combined effects of blast and gravity loads.  This is evidenced by the 
bending of the steel cage and the fringe levels of 2 in the concrete strains. This failure has 
the potential to cause catastrophic or progressive collapse of the entire building in which 
the RC column is a key element. The steel reinforcement was ineffective following the 
disintegration of the concrete cover and loss of confinement. In the absence of the central 
steel core in the RC column there was nothing to provide a “rescue” under the more severe 
blast load cases. These overall results confirm the superior performance of the CSC 
column compared to the equivalent RC column. The influence of the axial load on the blast 
response of the CSC column was next carried out. 
 
9.5.2 Performance of CSC Column under Increased Axial Loads 
 
Previous studies have indicated that applied axial loads have a significant impact on the 
blast performance of the RC column. The numerical investigation was therefore extended 
for each blast case under increased 50% and 75% axial load capacities of the RC column. 
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Figure 9-16 shows the progressive failure of the steel core under (serviceability) axial load 
capacity of 50% for blast load case 5. The progressive failure with time indicates yielding 
and fracturing of the steel core leading to catastrophic failure of the CSC column. The 
plastic stain variations with time are also shown in the Figure. It can be seen that when the 
axial load was increased from 25% to 50%, the performance of the CSC column changed 
drastically. Under the increased axial load the steel core and hence the CSC column 
completely failed at about 40ms. These results clearly identify that the damage to the steel 
core is caused by the combination of blast and (increased) axial loads.  Analogous results 
were observed under 75% axial load capacity with the CSC column only able to resist blast 
loads with lower charge weights and collapsing under Load case 3. 
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                       (a)  after 4ms                  (b) after 8ms                     (c) after 20ms                  
 
                            
                                       (d) after 36ms                     (e) after 38ms                             
Figure 9-16: Failure of steel core under 50% serviceability axial load for blast load case 5 
 
The overall performance of the CSC column with respect to a typical RC column is 
summarized in Table 9-6. Table 9-6 presents a comparison of the blast performance of the 
CSC and RC columns with respect to the combination of charge weight and the axial load. 
CSC columns have shown superior performance against failure over the RC column for all 
load cases selected above. The CSC column can withstand significant gravity loads when 
subjected to blast load scenarios created by less than or equal to 200kg of TNT. The axial 
load on the column significantly influence on the behaviour of the CSC column as the 
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failure of the column was due to the inability of carrying gravity loads in post blast 
serviceability state. The failure of the CSC column was therefore governed by the 
combination of axial and blast load intensities. 
 
 
Gravity load ratio 25% 50% 75% 
Charge weight 
( kg of TNT)(LC) 
CSC RC CSC RC CSC RC 
50  (1) safe safe safe safe safe safe 
100 (2) safe safe safe safe safe Not safe 
200 (3) safe safe safe Not safe safe Not safe 
300 (4) safe Not safe safe Not safe Not safe Not safe 
400 (5) safe Not safe Not safe Not safe Not safe Not safe 
500 (6) safe Not safe Not safe Not safe Not safe Not safe 
 
Table 9-6: Comparison of performance of CSC and RC columns 
 
9.6 Chapter Summary 
 
This chapter presented the results of study conducted to capture the performance of a 
concrete-steel composite (CSC) column under near field blast loads. The composite 
column is formed by the inclusion of a central structural steel core into a typical reinforced 
concrete column.  
The structural capacity of the CSC column is enhanced by the steel core, which provides 
gravity load carrying capacity in post blast serviceability state and thereby protects the 
structure against catastrophic failure. The results of the analysis also showed that the 
extensive damage to the concrete encasement results in a rapid transfer of the gravity loads 
to the structural steel core.  
Effects of axial load were also investigated. Overall the results confirm the superior 
performance of the CSC column compared to that of an equivalent reinforced concrete 
column.   
The composite column has a superior capacity to withstand post blast gravity loads due to 
the presence of a structural steel core which permits the load transfer to itself upon the 
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damage to the concrete. This type of column can be used as load bearing key structural 
elements in buildings that are vulnerable to blast loads to prevent failure of the building.   
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10 CONCLUSION 
 
This chapter presents the overall conclusion of this research. The research investigated the 
blast response and damage analysis of RC framed buildings subjected to near field blast 
events. Damage evaluation was conducted on load bearing key elements with damage 
indices. The innovative and significant outcomes are highlighted in this chapter along with 
their real world applications and their contribution to the design process. This investigation 
involved four major areas of structural engineering as follows; 
 Determination of blast load parameters 
 Finite element modelling techniques 
 Material behaviour under high strain rate effects 
 Structural non-linear dynamic time history analysis with time integration.  
10.1  Main Contribution  
 
1. The study identified an analytical method to investigate the blast response and 
damage to multi-storey RC framed buildings subjected to near field blast 
events. The investigation used existing structural analysis tools with required 
modifications to determine the blast response of the building globally and 
locally. A rigorous analysis of a localised frame at the blast affected zone was 
required to identify the true response and damage of the key structural 
components. The blast load investigation of a building structure can therefore 
be conducted using a numerical investigation. However, a combined analysis is 
required to identify the exact blast response of the building and the localized 
key elements at the critical zone. A complete blast load analysis for a multi-
storey building by numerical simulation therefore needs separate computer 
codes for global and local analysis. The results of this study confirm this 
requirement for a comprehensive investigation to determine the vulnerability of 
multi-storey buildings. 
 
2. Damage analysis for structural components such as columns, is usually carried 
out by a separate analysis of the damaged structure. Damage indices are defined 
using the residual capacities of the structural elements in a  separate amnalysis. 
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Residual capacities are evaluated by applying additional loads or displacements 
to the blast damaged structure until complete failure occurs. The maximum load 
which the damaged structure can sustain is measured and identified as the 
maximum residual capacity. However, concrete is a composite material and is 
confined with steel reinforcements. The blast pressure damages the concrete 
which looses the confinement provided by the steel cage in the RC column. If 
the numerical investigation assumes a perfect bond between steel and concrete, 
the damaged structure shows an apparent residual capacity in excess of its 
actual remaining capacity. Therefore, this research identified that the damaged 
and residual capacity assessment by a separate structural analysis for a damaged 
column gives inappropriate results. Furthermore, a method based on material 
damage of components is recommended as an appropriate tool to evaluate post 
blast residual capacity of structural components, such as columns and beams. 
The damaged area of the concrete is identified from the development of the 
plastic strain and the level of damage is then evaluated based on the undamaged 
area. This enables the calculation of the true residual capacity which remains in 
the partially damaged structural component, in order to accurately determine 
the damage indices. Post blast performance capacities of the RC building 
structure can then be evaluated and appropriate engineering decisions can be 
made for the structural adequacy of the blast damaged building.  
 
3. Damage indices for the selected load bearing key columns in the RC framed 
buildings were derived for the different blast load scenarios. Residual capacity 
evaluation of the damaged columns was established using the plastic strain 
development and material yielding. The damage indices were calculated with 
respect to the original load carrying capacity of the columns. Damage index 
variation with respect to scaled distance, can be established to identify the blast 
damage to a typical column investigated in a multi-storey building of 10 to 25 
storeys in this research project. 
 
4. The rigorous analysis for a localized frame identified that the RC columns were 
subjected to partial damage due to scabbing and spalling of the concrete. The 
steel reinforcement cage was unable to provide confinement for the undamaged 
concrete and the column lost its load bearing capacity significantly. The 
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provision of additional reinforcement cage in the partially damaged zone of the 
RC column was investigated for confinement to the undamaged concrete in the 
partially damaged column, to maintain residual capacity. It was found to be 
vital to provide adequate resistance to the post blast gravity load and avoid the 
catastrophic collapse of the entire structure. This design method was 
investigated with blast load scenarios which can be used successfully in future 
designs to mitigate blast effects on multi-storey buildings.    
 
5. A composite column was investigated as an alternative design method to 
improve the post blast gravity load resisting capacity of an RC column. The 
composite column consisted of a central structural steel core which can be 
effectively used to withstand gravity loads in the post blast serviceability state. 
The performance of the composite column was evaluated with different blast 
load scenarios and the critical loading conditions were identified. This 
information can be effectively used to design a composite concrete column to 
provide post blast residual capacity. 
 
6. An external bomb explosion in an RC framed building critically affects a 
localized zone in which the integrity of the entire building is dependant. 
Identification of this critical zone enables the blast influence region to be 
extracted, during analysis of the frame. The investigation identified that the 
ratio between beam and column stiffness controls the blast influence region in a 
moment resisting frame.    
10.2  Industrial Application 
 
This research has successfully demonstrated that an analytical method developed by 
modifying existing tools can be used to evaluate the vulnerability and damage of a multi-
storey building. This has been illustrated by through an industrial project in the United 
Kingdom. The blast damage to the load bearing key elements was investigated for a bomb 
incident created with a particular charge weight and standoff distance. Material yielding 
and stress variation during the blast and the post blast conditions were used to identify the 
damage to the key element. Appropriate mitigation strategies were proposed to strengthen 
the structure so to avoid catastrophic or progressive collapse in post blast serviceability 
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state. Further details regarding the industrial application cannot be revealed due to 
confidentiality of the project. 
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11 FUTURE RESEARCH 
 
The following future research is recommended.  
 
1. Vulnerability assessment and damage evaluation of RC framed buildings subjected 
to explosion induced ground shock. 
 
2. Damage evaluation of RC framed buildings due to the combined effects of air 
pressure and ground shock. 
 
3. The performance of composite column (CSC) with structural steel core when 
subjected to combined effects.   
 
4. Damage evaluation of RC framed buildings which have been designed to resist 
earthquake loads. 
 
5. This study was limited to near field blast events. Similar study can be conducted for 
far field blast events to indentify the vulnerability of RC framed building structures. 
  
6. The performance of composite RC columns with structural steel core when 
subjected to distant blast events where the blast pressure is uniform along the 
height of the column 
 
7. Multi-layer reinforcement beam design to avoid complete collapse of framing 
system and to maintain the integrity of the structural providing redundancy and 
alternate path in post blast serviceability state. 
 
8. The temperature caused by the explosion was not considered in the analysis. An 
investigation is required to identify the influence of temperature on the structural 
response of the RC buildings. 
 
9. The blast loads on the front face were only applied to the RC frames in this study. 
However, blast pressure may enter into the building and may affect to the structural 
components. Therefore, a combined investigation is necessary to identify the wave 
propagation in to the building and their effect.   
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APPENDIX 
 
Empirical Equations for Blast Loads Calculations 
 
Some empirical equations used for the determination of hemispherical surface burst can be 
outlined as ( Kingery et al. 1984); 
 
(a) Peak incident overpressure, Pso: 
  ZT log  
 T9931.35034249018090.75645793 U  
  
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Where Z – scaled distance 
 
           T, U, and Y –dummy variables 
 
(b) Peak normal reflected overpressure, Pr: 
)(93663771922.1137893124055.0 TA   
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  (c) Incident impulse, is: 
For ,41.2Z  
)(60760329666.3258324688434.0 TV   
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 For 41.2Z , 
)(64069774540.269135861680.2 TV   
)(2270013644816.0)(72040028418932.0)(47340066328933.0)(070145445261.0
)(38220059579875.0)(3010260816706.0)(653845190269.0847198526555.0
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(d) Normal reflected impulse, ir: 
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 (e) Positive load duration, to : 
For 54.245.0  Z , 
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)(5980080042888144.0)(47020047593366.0
)(9060391574276.0)(541348725119.0)(751301437176.0057286717760.0
54
32
SS
SSSB


 
For 754.2  Z  
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For 7Z  
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